The isotopic composition of sulfur in the triassic igneous rocks of eastern United States by Smitheringale, William George, 1931-
THE ISOTOPIC COMPOSITION OF SULFUR IN THE
TRIASSIC IGNEOUS ROCKS OF EASTERN
UNITED STATES
by
WILLIAM GEORGE SMITHERINGALE
B.A.Sc. University of British Columbia
(1955)
SUBMITTED IN PARTIAL FULFILLMENT OF THE
REQUIREMENTS FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
(1962)
Signature of Author. . .... . .W./. .. . . . . . . . . . ..
Department of Geology and Geophysiics, June /4, 1962
Certified by . . . . . . . . . . . .
T1besis Supervisor
Certified by . . . . . . . . .. .
Thesis Supervisor
Accepted by....... . .'. . . . . . . . .
Chairman, Departmental Committee of Graduate Studies
-2-
THE ISOTOPIC COMPOSITION OF SULFUR IN THE
TRIASSIC IGNEOUS ROCKS OF EASTERN
UNITED STATES
by
William George Smitheringale
Submitted to the Department of Geology and Geophysics
on June 18, 1962, in partial fulfillment of the require-
ment for the degree of Doctor of Philosophy.
ABSTRACT
The isotopic composition of sulfur in sulfides from igneous
rocks and genetically associated mineral deposits of the Tri-
assic Newark group, in eastern United States, has been deter-
mined. Some of the intrusives sampled are strongly differ-
entiated. The data are compared to similar data, obtained
by the same techniques, from meteorites.
The magmas from which the igneous rocks formed were
tholeiitic, and presumably originated in the upper mantle.
There is good evidence that the sulfur in these magmas was not
significantly contaminated by crustal sulfur.
It is concluded that: (1) the isotopic composition of
sulfur in the upper mantle beneath the Newark basins in the
Late Triassic is identical, within analytical error, to the
isotopic composition of sulfur in meteorites, (2) isotopic
fractionation can take place during the late stages of
crys llization of a tholeiitic mapa, causing an enrichment
of S in late formed sulfides, (3) isotopic fractionation
continues into the hydrothermal stage of crystallization and
causes a similar enrichment of S34 in sulfides from mineral
deposits formed by emanations from the magma, and (4) due to
some mechanism of isotopic fractionation associated with
crystallization at the earth's surface, sulfide minerals in
the Newark group lava flows are enriched in S32 relative to sul-
fur in the magma source.
Thesis Supervisor:, P. M. Hurley
Title: Professor of Geology
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THE ISOTOPIC COMPOSITION OF SULFUR IN THE TRIASSIC
IGNEOUS ROCKS OF EASTERN UNITED STATES
INTRODUCT ION
The isotopic composition of sulfur in the upper mantle
determines the isotopic composition of sulfur entering the crust.
The S32,A34 ratio in the upper mantle is consequently an im-
portant factor in the interpretation of the variations in the
isotopic composition of crustal sulfur and in the formulation
of the geochemistry of sulfur isotopic fractionation.
The similarity between the S32 A34 ratios in meteorites
and mafic igneous rocks that appeared in the early sulfur is-
otopic data prompted Macnamara and Thode (1950) to propose that
the sulfur isotopic abundance of the earth at the time of its
formation was the same as that of meteorites, and the presently
observed variations in the S32 A34 ratio of sulfur has been
caused by geochemical processes acting since the earth was form-
ed. They found the S32is34 ratio of meteorites to have a narrow
spread about a mean value of 22.23*. Between 1950 and 1959 new
data accumulated that led Ault and Kulp (1959) to conclude that
the original S3 2/A34 ratio of the earth was 22.14, in contrast
* Sulfur isotopic data presented in this paper is calculated re-
lative to troilite frg the (aiton Diablo meteorite, which was as-
sumed to have a s32/S" ratio of 22.220. All S 2/S34 ratios
quoted in this paper have been recalculated relative to this
standard, unless otherwise indicated.
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to a mean S32 i34 ratio of 22.22 that they obtained for mete-
orites.
The main purpose of the present investigation was to ob-
tain a reasonable indication of the isotopic composition of
sulfur in the upper mantle. Since this objective was approach-
ed through a study of sulfides contained in mafic igneous rocks
a requisite secondary purpose of this investigation was to deter-
mine the extent of isotopic fractionation of sulfur during
crystallization of mafic magmas.
The Triassic igneous rocks of eastern United States were
selected for investigation for the following reasons: (1) there
is little doubt that the magmas from which they formed origin-
ated in the upper mantle, (2) they are exposed over a great
distance on the earth's surface, (3) they are the same age,
(4) they represent a magma type of world-wide distribution, and
(5) much geological information concerning them is available.
PREVIOUS DATA
Meteorites
Several laboratories have found little variation in the
3/a34 ratios of meteorites. The results of these investiga-
tions are summarized in Table 1.
- 15
Table 1. Isotopic composition of sulfur in meteorites
No. of 34
meteorites : Mea : Mean 6S34 *
averaged : S32/S34 : and range : Reference
21.99
22.23
22.20
22.22
22.222
Trof iov (1949)
-0.3
1.9
-0.3
2.2
-0.1
0.5
Macnamara and Thode (1950)
Vinogradov (1957)
Ault and Kulp (1959)
Thode et al. (1961)
recalculated relative to Calon Diablo standard of 22.220
footnote
Thode et al. (1961) conclude that variations in the
isotopic composition of meteoritic sulfur exists but only
by about +0.2 per mil.
Mafic igneous rocks and magmatic sulfide deposits associated
with mafic igneous rocks
Sulfur isotopic data for sulfides in, or associated with,
mafic igneous rocks is presented in Table 2.
Studies similar to the present investigation have been
made by Thode and co-workers (Thode et al., 1961). Thode and
*The term 6S34, known as the "del" value,Sand press ed in
per mil, is commonly used instead of the S32/S ratio to
designate isotopi composition. It is defined by:
6S34 / ) sample - (S34 /S3 )standard x 1000
(S A3) standard
5
10
5
17
Not
*See
9
A.
16 -
Table 2. Isotopic composition of sulfur in sulfides in, or associated
with, mafic igneous rocks.
Specimen Number and Description
S32,S34 S32/834 :34 : Reference : Spec. No.
reported recalculated recalculated from Ref.
1. Pyrite disseminated through corse-grained gabbro, Bathurst, N.B.,
Canada.
22.11 22.16 42.6 5 41
2. Pyrite disseminated through coarse-gracined gabbro, Bathurst, N.B.,
Canada
22.15 22.21 +0.6 5 43
3. Pyrite disseminated in olivine-pyroxene rock, Cortland N.Y.
22.11 22.12 +4.5 3 HP 57
4. Pyrite from gabbro, Six Mile Creek, Montana.
22.11 22.12 +4.5 3 HP 43
5. Pyrrhotite: magmatic segregation in peridotite, Marie Pond, Me.
22.22 22.23 -0.5 2 EPr 13
6. Sulfides from diabase.
22.21 22.22 0.0 1
7, Chalcopyrite in altered gabbro, basal zone of Duluth Gabbro, Minn.
22.13 22.18 +1.6 4
8. Same description and possible origin as specimen 7.
22.13 22.18 +1.6 4
9. Chalcopyrite in coarse-grained gabbro from basal zone of Duluth
Gabbro, Minn.
22.28 22.35 -5.7 4
10. Pyrrhotite and chalcopyrite in altered pyroxenite, central zone
of Mellen Gabbro, Wis.
22.13 22.18 +1.6 4
Mean of specimens 1 to 10 +1.1
11. Pyrite: massive and lm.m. cubic crystals among pyroxene crystals
up to 2 cm. long; near top of Palisades sill, N.y.
22.05 22.06 +7.2 3 HRs 6
gj:
Table 2. -- (contd.)
Specimen Number and Description
832 4 3 S3 2  Reference : Spec. No.
reported recalculated recarculated from Ref.
12. Bornite and covellite: irregular veinlike occurence in Triassic
diabase, Virginia.
22.21 22.22 0.0 3 HRS 9
13. Pyrite, pyrrhotite and chalcopyrite in isolated blebs and
stringers in Purcell gabbroic sill.
22.26 22.27 -2.3 3 HRS 10
14. Chalcopyrite and pyrite as angular masses up to several m.m.
diamater disseminated in Duluth Gabbro, Miinn.
22.02 22.03 +8.6 3 HRS 11
15. Chalcopyrite and pyrite in masses up to several m.m., Duluth
Gabbro, Minn.
22.15 22.16 +2.7 3 ERS 12
16. Chalcopyrite: massive (up to 3 cm.) in coarse plagioclase
gabbro, Duluth Gabbro, Minn.
22.03 22.04 +8.2 3 BRS 13
17. Pyrrhotite in structureless mineralized zones, comprising
25-30 per cent pyrrhotite in a peridotite matrix, contained in
a small lenticular intrusion, Union, Me.
22.23 22.24 -0.9 2 HPr 5
18. Chalcopyrite and arsenopyrite, massive, from shear zone in
Logan diabase sill, Minn.
22.15 22.20 +0.7 4
19. Chalcopyrite and pyrrhotite blebs in olivine gabbro at base of
Duluth Gabbro, Minn.
21.89 21.92 +-13.6 4
Mean of specimens 1 to 19 +2.6
Sulfides from mineral deposits associated with mafic igneous rocks
20. Chalcopyrite "ore", Stillwater Complex, Montana.
22.21 22.22 0.0 1
21. Pyrrhotite "ore", Stillwater Complex, Montana.
22.17 22.18 +1.8 1
- 17 -
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Table 2. -- (contd.)
Specimen Number and Description
S321S34 : s 2/s34  S34 I Reference : Spec. No.
reported recalculated recalculated from Ref.
22. Sulfide,
22.08
norite, Stillwater Complex, Montana.
22.09 +5.9
23. Sulfide from hydrothermal vein in Nipissing Diabase, Hecla Mine,
Cobalt, Ontario.
22.14 22.15 +3.2
24. Sulfide, Nipissing Diabase, Hecla Mine, Cobalt, Ontario.
22.18 22.19 +1.3 1
25. Pyrrhotite, chalcopyrite and pyrite from various ore bodies;
average of 12; range 22.08 to 22.14.
22.11 22.12 +4.5 1
26. Sulfide from norite, Sudbury, Ontario.
22.17 22.18 +1.8
27. Pyrite, Middle Hill, Cornwall, Pa., Specimen BP 60
22.19 22.20 +0.9
28. Pyrite with hematite in shale, CornwallPa., Specimen HP 61
21.98 21.99 +10.4
29. Chalcopyrite with pyrite of HP 61, Specimen HCp 34
22.02 22.03 +8.6 3
30. Pyrite in magnetite, Big Hill, Cornwall Pa., Specimen HP 62.
21.99 22.00 +10.0
Mean of specimens 20 to 30 + 4.4
References: (1) Macnamara et al. (1952), (2) Kulp et al. (1956),
(3) Ault and Kulp (1959), (4) Tensen (1959), (5) Tupper (1960).
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Dunford found that sulfides in the basal zones of the Sudbury,
Ontario and Stillwater, Montana sills have 6S34 values of
about zero per mil. However, sulfides in the associated
norite and micropegmatite zones show a steady increase in
S 3 content from the basic to the acidic rocks such that the
latter have 6S34 values of about +6 per mil. Shima, Gross
and Thode (Thode et al., 1961) found the 6S34 values of
sulfides in the Insizwa sill, South Africa, to vary with
the acidity of the rock. Sulfides near the basal contact
have a 6S34 value of -2.6 per mil, and sulfides at the top
of the gabbro zone, 4,000 feet higher, have a S34 value of
+3.6 per mil.
Field geologists are aware that the sulfides in most
mafic igneous rocks are extremely fine grained and sparcely
disseminated. Indeed, they are generally invisible to the
naked eye. Sulfide grains of several millimeters diameter
or sulfides in noticeable concentrations infer some degree
of abnormality in the conditions under which they formed.
The present investigation revealed that some such abnormal
sulfides had isotopic compositions different than normal
sulfides elsewhere in the same intrusive body.
In this respect, some specimens listed in Table 2 are
worthy of comment. Specimens 20 to 30 were collected from
mineral deposits associated with mafic bodies and until it
is shown that the processes by which these deposits formed
did not produce isotopic fractionation these specimens should
not be considered as representative of sulfur in normal mafic
rocks.
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The description of specimen 11, (specimen No. HRS 6 of
Ault and Kulp, 1959), suggests that it was collected from
one of the coarse-grained pegmatitic schlieren, in the upper
part of the Palisades sill, that were described by Walker
(1940). The isotopic composition of sulfides from rock
types analagous to the pegmatitic schlieren of the Palisades
sill in several other diabase bodies sampled for the present
investigation was found to be significantly different from
that of sulfides from normal diabase from the same body.
Specimen 11 should therefore not be considered as representa-
tive of the Palisades sill. In fact its 6S34 value is about
6 per mil on the positive side of the 6S34 values obtained
for sulfides from normal Palisades sill diabase during the
present investigation. The descriptions of specimens 12 to
19 also suggest that the sulfides in these rocks are not
typical of sulfides in mafic rocks. The descriptions of
specimens 5, 7, 8, 9, and 10 leave some doubt regarding the
normality of these specimens but there are no explicit
reasons for rejecting them. The average 6S34 value of speci-
mens 1 to 10 is +1.1 per mil. Ault and Kulp (1959) obtained
an average 6S34 value of +2.4 per mil for sulfides in mafic
igneous rocks. They included in their average specimens
11 to 17 as well as specimens 20 to 30. The average for
large mafic bodies, which would be less affected by contamina-
tion by crustal sulfur, was found to be +4.2 per mil.
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Silicic igneous rocks and material balance
Ault and Kulp (1959) obtained an average 63 value of
+3.6 per mil from about 8 specimens of sulfides from silicic
igneous rocks. As a corollary of the hypothesis that magmas
from which silicic plutons are formed are derived largely
from crustal material, Ault and Kulp concluded that if the
volume of crustal material involved in syntexis were large
enough, and if homogenization of sulfur isotopes within the
resulting magma were complete, the S3 2 A 34 ratio of large
silicic plutons should approximate the average S34 ratio of
crustal sulfur. Since crustal sulfur was initially derived
from the upper mantle its average isotopic composition should
equal that of the upper mantle. The 6S34 value of +3.6 per
mil agrees well with their 6S34 values of +4.2 per mil for
large mafic bodies and +2.4 per mil for all mafic bodies.
Evidence from strontium isotopic studies (Hurley et al., in
press) is accumulating that suggests that magmas from which
silicic plutons form are derived chiefly from the upper mantle
by differential fusion, rather than from syntexis of crustal
material. If such is the case, the isotopic composition of sul-
fur in silicic plutons would be indicative of the isotopic composi-
tion of sulfur in the upper mantle provided isotopic fractiona-
tion did not take place during differential fusion.
On the basis of data available in 1959, Ault and Kulp
(1959) attempted an isotopic material balance of total crustal
sulfur. They calculated the average 6S 34 value of crustal
- 22 -
sulfur to be +3.6 per mil. This result was offered as a
third line of evidence indicating that the original sulfur
isotopic composition of the earth was not the same as for
meteorites. Possible sources of error in this estimate are
the uncertainties connected with the quantities of various
rock types in the crust and, more especially, the true
average isotopic composition of the sulfur contained in
these rock types. On the basis of new isotopic data, Field
(1960) revised the average S 34 value for crustal sulfur
from +3.6 to +1.4 per mil.
THE TRIASSIC IGNEOUS ROCKS OF EASTERN
NORTH AMERICA
A series of elongate basins containing Triassic rocks
known as the Newark group extend from Nova Scotia through
Massachusetts, Connecticut, New York, New Jersey, Pennsyl-
vania, Maryland, Virginia, and North Carolina (Fig. 1). The
basins are generally bounded on one or both sides by large
normal faults. This belt is about 1,200 miles long. The
Newark group consists of arkosic sandstones and conglomerates
interbedded with lesser amounts of shale and some basaltic
lava flows. These rocks are intruded by diabase dikes and
sills. In places magnetite and sulfide deposits are spati-
ally and genetically associated with the intrusive rocks.
The igneous rocks of the Newark group occur as dikes,
sills, and lava flows. The sills and lava flows are confined
to the Newark basins but some of the dikes extend many miles
- 23 -
Fig. 1 Areas occupied by the Newark group.
After Russell (1892).
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into the adjacent pre-Triassic rocks. The larger sills are
up to 1,800 feet thick and in places exhibit differentiation.
The mineral and chemical composition of the Newark ig-
neous rocks is remarkably uniform throughout the entire area
of their exposure (Walker, 1940; Dana, 1873), The departures
from the normal type that do exist are of the same nature
in most instances. The essential minerals of the normal
rock type are plagioclase and pyroxene, which are present
in approximately equal proportions. The plagioclase is an-
desine-labradorite and the pyroxene is dominantly augite, al-
though in places small amounts of hypersthene are present.
Ilmenite and/or titaniferous magnetite commonly comprise
several per cent of the rock. Small amounts of quartz are
common except where olivine is present. Minor quantities
oL orthoclase, bioti te, and hornblende may be present. Fine-
grained disseminated sulfides are ubiquitous. Pyrite, chal-
copyrite, and pyrrhotite may occur alone or together. The
grain size of the intrusives ranges from aphanitic in some
chilled margins to coarse grained in the central portions of
many of the larger bodies. The most common variety is medium
grained and exhibits ophitic to sub-ophitic texture. The
extrusive bodies are generally fine to medium grained. The
term diabase is correctly applied to the most abundant variety
of the instrusive material. Many of the coarse-grained var-
ieties do not display diabasic texture, nevertheless, it is
common practice to use the term diabase to refer collectively
to the intrusives of the Newark group. Varieties formed as
- 25 -
products of differentiation include diabase pegmatite, albitic
pegmatite, granophyre, and aplite. The first three are found
as small to large irregularly shaped pods or poorly defined
tabular bodies either intrusive into, or gradational with,
normal diabase. Aplite usually occurs as dikes.
The composition of the Newark group igneous rocks is
similar to the composition assigned to the tholeiitic magma-
type by Kennedy (1933). Walker (1940) described the Pali-
sades sill as being representative of the tholeiitic magma-
type and Wahl (1908) sited the Rocky Hill, N.J. and West
Rock, Conn. bodies as examples of the tholeiitic magma-type.
The late differentiates of the Newark group diabases are
characteristic of tholeiitic magma-type differentiates
(Kennedy, 1933).
A whole rock potassium-argon age of 202 + 10 m.y. was
obtained for the Palisades sill by Erickson and Kulp (1961).
A sub-crustal origin for the Newark group igneous rocks
is indicated by two factors: (1) their uniform mineral and
chemical composition throughout a belt 1,200 miles long that
traverses basement rocks of varied composition and (2) they
belong to the tholeiitic magma-type, which has a copious and
world-wide distribution and which, by common assent, is con-
sidered to have been derived, by one means or another, from
beneath the sialic crust (Kennedy, 1933; Bowen, 1947; Daly,
1933 and 1946).
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TECHNIQUES AND PROCEDURES
Sampling
Most specimens were collected from outcrops or locali-
ties that have been described in publications. There is no
doubt that the bodies sampled belong to the Newark group.
Sample localities were chosen so that the texture and mineral
composition of the rock at the locality was representative of
the body, or portion thereof, to be sampled. Detailed descrip-
tions of sample localities have been compiled (Smitheringale,
1962). The sampling technique for each specimen is given
in the data tables.
Sulfides consisted of pyrite, chalcopyrite, and pyrrho-
tite as sparcely disseminated grains, generally between 5
and 300 microns in diameter. Sulfides in some late stage
differentiates were coarser grained. Samples of some ex-
trusive bodies and of some contact facies of intrusive bodies
contained sulfides along short, thin fractures. Before pro-
cessing each sample was hand cobbed and inspected and pieces
containing alteration seams or sulfides in fractures were dis-
carded.
Sulfide extraction
Sulfides were extracted by a combination of magnetic,
heavy liquid, and flotation techniques. Many samples contained
sulfides predominantly less than 50 microns in diameter. For
such samples an initial low grade concentrate of several hund-
red grams was obtained by bulk flotation in a standard labora-
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tory flotation cell. The final concentrate was obtained by
processing the low grade concentrate by standard techniques.
Between five and thirty pounds of each sample was processed,
depending on the sulfide content. This yielded between 0.1
and 1 gram of sulfide concentrate. Most final concentrates
contained between 1 and 15 per cent impurities comprising
plagioclase or zircon and other heavy, non-magnetic silicates.
A possible source of contamination was the sulfur con-
tained in the xanthate compound used as a flotation reagent.
However, a comparison of 6S 3 values of several specimens,
each prepared with and without flotation,showed no evidence
of contamination.
Sulfur dioxide preparation
'Sulfide concentrates were converted directly to SO2 by
ignition between 1,1200 C and 1,2000 C in an oxygen atmos-
phere (Jensen, 1959). An amount of concentrate containing about
10 mg. of sulfur was used for each preparation. Yields were
determined for concentrates containing less than 10 per cent
impurities. Yield values are probably accurate to within +3
per cent. Specimen Va. 1 py, which was estimated to be 100
per cent pure, was included in each batch of concentrates pre-
pared. Eighteen ignitions of Va. 1 py gave yields ranging from
83 to 95 per cent. A comparison of yields and S 34 values
for these preparations showed no correlation. Polished section
examinations suggest that the low yields obtained for many
- 28 -
concentrates are due to the presence of numerous minute
inclusions of silicate minerals in the sulfide grains of
concentrates that visually appeared to be nearly pure. The
standard deviation analytical error of the ignition process
is +0.2 per mil.
Isotopic analysis
The mass spectrometer used for this investigation
has been described by Jensen (1959) and Tupper (1959).
For this particular instrument the effect of CO2 in the gas
preparation on S32 A34 ratio analysis was determined to be
negligible for CO2 contents less than 10 per cent. The
purity of each gas preparation was determined by scanning
the mass numbers between 10 and 68 , Preparations containing
more than 10 per cent CO2 were discarded. Instrumental
precision is +0.1 per mil in standard deviation.
Isotopic data was calculated relative to Calnon Diablo
troilite for which a S32 A34 ratio of 22.220 was assumed.
The entire analytical procedure was calibrated directly
by two preparations of Caifon Diablo troilite.
ANALYTICAL RESULTS
The results are presented in Tables 3 to 9. No signifi-
cant difference was found among six meteorites, including
Canon Diablo (Table 3). These results are in good agreement
with more extensive data obtained by Nakai (Yale University,
- 29 -
personal communication, June, 1962), Thode et al. (1961),
and others.
Tables 4 and 5 present the data obtained from sulfides
extracted from normal diabase of intrusives, including a
comparison of 6S34 values of different sulfides extracted
from-the same specimen. For most specimens there is no
significant difference between co-existing sulfides, and for
this reason equal weight has been given to all 6S34 values
in calculating the specimen averages for Table 4. Statisti-
cally, this procedure is a rationalization, but since the
differences between co-existing sulfides are both small and
random in sign, the resulting error in the "grand mean" is
likely to be within the limits of analytical precision, and
will not affect the conclusions.
The data from differentiated intrusives (Table 6),
which shows a tendency of late stage products of magma
crystallization to be enriched in S34, is in agreement with
data obtained by Thode et al. (1961) on the Sudbury, Ontario,
Stillwater, Montana, and Insizwa, South Africa intrusives.
The data on the Cornwall type magnetite deposits (Table 7)
is generally similar to data on the Cornwall deposit reported
by Ault (1957). The standard deviation analytical error of the
6S34 values in Table 7 is +0.7 per mil. After these results
were obtained, and previous to obtaining the other data re-
ported in this article, the sulfide ignition and instrumental
techniques were improved. The low precision of the data in
Meteorite and : Preparation 802/02 :
Specimen No. : : Yield :
Roebourne
Australia
Iron
M 291
94/6*
77/5,
80/6
92/8
90/10
Contain. N2 and 02 from air contamination
Youndegin
Australia
Iron
M 391
Chupaderos
Mexico
Iron
M 439
Muonionalusta
Sweden
M 438
Drake Creek
Tennessee
Stone; M 34c
Canon Diablo
Arizona
Iron
92/8
92/8
95/5
92/8
93/7
90/10
92/8
94/6
93/7
94/6
95/5
92/8
'93/7
+0.2
+0.2
+0.2
0.0
0.0
Mean +0.1 t0.1
+0.5
0.0
-0.1
-0.3
Mean 0.0 t0.2
+~ 0.4
+0.2
+0.3
+0.1
Mean +0.3 10.1
+0.3
+0.2
+0.2
0.0
Mean +0.2+0.l
+0.1
+0.1
Mean 0.0
Grand Mean + 0.2t.0.l
Analytical precisiont0.2.per mil
Specimen numbers of the Department of Geology, Yale University
meteorite collection.
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Table 3
Meteorites
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Table 4
Intrusive Bodies; Normal Diabase
peeime. S l TLitude :No.On Longitude Specimen Description and Sample Type *
:Concentrate :: Per Cent : 3/3 :3 A 34 o 8
Mineral Purity 802/C02 Yield : 32 6 4 Spimen
N. C. 1 3534'36" N
78;* 49a w
py(A) 97py
py( f ) 97Uy
N.C. 4 34019959" N
79026122" W
op 90$ op, 10% py
N.C. 5 36*21, N
800 l' w
ep 85$ op, 3$ py
py 95. py
N.C. 6 35059' N
78*541 wop A 84 op, 55py
B
py 95A py, '$ op
prht A 90$ prht,10' op
B
Fine- to medium- grained diabase dike. Chips from residual boulders.
96/4
96/4
22.30
22.30
Fine- grained diabase dike. Bulk sample from 2 boulders.
94/6 22.17
-3. 5
-3.6
+2.2
Fine- to medium- grained diabase dike. Chips from residual boulders.
91/9
95/5
22.27
22.26
-2.2
-1.8
Medium- grained dimbfise dike about 200 ft. thick. Chips from 16 sq. ft.
22.16
22.14
22.15
22.14
22.15
+2.7
+3.7
+3.1
+3.5
+3.4
North Caroline Mean
Medium- grained diabase dike 270 ft. thick. Bulk sample from center of dike.
90/10 22.19
22.25
22.28
+1.5
-1.5
-2.5
Va. 1 37
0 
' N
79021, W
py(m) 971 py
py(f) 100. py
Va. 2
prht
37 0481 4 N
7 29' W
99 prht
Va. 3 3 EO 20 1 8" N
780 3 W
py A 100$ py
B
ep
prht
75$ op
45$ prht, 15. ep
Fine- to medium- grained dinbase dike. Chips from blocks blasted from
railroad out.
95/5 81 ?2.25 -1.5
955 90 22.26 -1.9
Fine- grained dinbsse dike. Chips from 16 sq. ft.
94/6 22.25 -1.4
Fine- grained diabase. Chips from blocks blasted "rom reilroed cut.
94/6
96/4
91/9
87/13
22.22
22.22
22.21
+0.2
-0.1
+0.5
+0.6*
Va. 6 390 4'19" N Goose Creek. Normal diabase. Dark grey, fine- grained. Comprises about
7 7 0 3 1 92 4 " w 50' plagioclase, 50. ferro-magnesian minerals and minor 
interstitial
4uartz-orthoolase micropegmtite. Chips over 20 
ft.
ep 50 op 93/7 -. 22.21 +0.4 +0.4
Virgini- Mean -0.6
-3.6
+2.2
-2.0
+3.3
Md. 1
py
op
prht
390276" N
77*20,36" w
951 py. 5' op
50% op
85' prht, 3$ cp
0.0
-1.7
-1.4
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Table 4 - continued
Specimen Latitude :
No. Longitude Specimen Description and Sample Type**
Concentrate SO /CO Per Cent s32 /s334  Av. 4 S 4 of
Lineral Purity 2 e2 yi ld pcimen
Pa. 6 39050118" N Gettysburg sill. Very fine-graiued chilled "elvage at base of fIl.
77*101 6" v
py 90. py
op 60$ op
400 7' 1" N
76043, 90 w
py 85$ py
ep 901 op
400 3034" N
75022136"w
py 851py
Pa. 13 40014'55" N
75*49,10" W
op A 
8 5$ cp
B
op 85$ op
py 95 py
400219000 N
74056154 W
ep 95$ op
4023948" N
74057942. W
py 9$ py
op 73$ op, 2$ py
Bulk sample from
88/12
90/10
2 boulders.
45 -
-- 22.22
+0.4*
-0.2
Yorkhaven si(l, Medium-seined ditibas. Chips from quarry blocks.
93/7
93/7
22.22
22.21
-0.2
+0.4
Conshohocken dike. Fine-rrained diabase. Exposed width of dike 45 ft.
Chips frorr 25 sq. ft. near center of dike.
- -22.19 +1.5
Saint Peters sill, near Birdsboro. Normal diabase from Tr-ip Rook Cuarry.
Dark grey, medium-grained; comprises about 50$ plagioclase and 50$
ferro-magnesian minerals. Chips from 75 sq. ft.
86/14 90 -- +.7*
93/7 90 22.22 -0.1
Shelly intrusive body. Medium-grained diabse.
Chips from quarry blocks.
95/5 -- 22.22
95/5 64 22.22
+0.2
-0.1
Solebury Mountain intrusive budy. Medium-grained diabase.
Chips over 30 ft.
90/10 78 22.22 +0.1
Pennsylvanie Mean
Mount Gilboa. Fine-grained chilled diabase from near northern contact.
Chips from talus blocks.
95/5 74 . - +7.2*
90/10 -- *6.5*
40023420 N Liount Gilboa. Lambertville Quarry Co. quarry. Medium-grained diabase.
74 057 3 0" W Grab sample from crushed rock pile.ep 90. op 94/6 72 22.20. + 0.7
40023t42" N Rocky Hill sill. Kingston Trap Rook Co. quarry.
7437t24" W Grab sample from crushed rock pile.
py 97$ py,3$bornite 93/7 -- 22.23
op 88$ op. 2$ py 95/5 89 22.20
-- Palisades sill. Chillid diabase near basml contact. See Table
-- for full description. Chips over 50 ft.
op 85 op. 10$ py 91/9 - 22.21
-0.4
+0.8
-0.2
+0.1
+1.5
-0.1
+0.1
4 0. 1
+0-3
+ 0.7
+0.2
+0.3 +0.3
New yersey Mean+0.4
41020948" N
72043,36" W
95$ py
95A op
Medium-grained diabase dike. Chips over 65 ft.
22.1793/7
88/12
Instrumental precision ±0.1 per mil in standard deviation.
Over-all anelytical precision ±0.2 per mi in stinderd devirtion
+2.1 +2.1
+1.2* -
GRAND MEAN +0.1t 04
Standard deviation 1.6
Uless otherwise indicated the sulfides occur as very small uniformly disseminated grains.
* These data are not included in averages becsuse of high 002 content in gas preparations.
(a) Refers to concentrate@ of sulfides extracted from specimens without floatation.
(t) Refers to concentrates of sulfides extracted from specimens by floatation.
' A or B Designates separate gas preparations of the same concentrate.
Pa. 9
Pa. 12
Pa. 16
Pa. 17
N.J. 2
N.3. 3
N.y. 4
N.J. 6
Conn. 15
py
op
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Table 5
Comparison of Sulfides From Same Specimen, Normal Diabase
Specimen i 4 0 4 SS34 SS: c(S34
No. Pyrite :Chalcopyrite : Pyrrhotite : (py - cp)
N.C. 5 -1.8
N.C. 6 +3.1
Md. 1 +1.5
Va. 3 +0.1
Pa. 6 +0.4
Pa. 9 -0.2
Pa. 16 -0.1
N--T. 4 -0.4
N.J. 9 0.0
Conn.15 +2.1
Means +0.5 t0.4
-2*2
+3.2
-1.5
+0.5
-0.2
+0.4
+0.2
+0.8
-0.1
4-1.2
+0.2+ 0.5
+3.4
-2.5
+0.6
+0.4
+3.0
-0.4
+0.6
-0.6
-0.3
-1.2
+0.1
+0.9
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Table 6
Differentiated Intrusive Bodies
Speesmeu lAtitude
No. Longitude specimen Description and Sample Type
Concentrate Per centMineral Purity S02/C02 Yield S32/834 S34 S3 (py - op)
Belmont Stock, Goose Creek, Va.
39 4119" N
71031'24- W
cp 50% op
py 981. py, 2$ ao
Ap 9% op
Normal diebase. Dark grey, fine, grained; comprisaas about 50% plagioclase
and 50. ferro-magnesian minerals, with minor interstitial quartz-
orthoclase aicropegmatite. Ohips over 20 ft.
93/7 -- 22.21 10.
Diabase pegmatite. Adium grey, coarse grained, porphyritiet compria
plagioclaas, quarts-orthoclase micropegmatite, end pyroxene phenocrysts.
Chips from quarry blocks.
?3/ 87 2+1 4.6
9/5 97 2+1 1.4
Albite pegmatites Pinkish grey, medium greined; comprises sAdic plagioclase,
quartz-orthoclase micropgmetite, free orthoclase, and pyrozene partly
altered to emphibole. Chips from quarry blooks.
py 95% py 96/4 90 22.10t +5.4
cp 90% op. 4 py 96/ 91 22.15 +3.0
N.B. Va.7 and Va. 8 octur in irregularly shaped bodies, with dimensiona
41.2
+2.4
from several feet to several
In one place a sharp contact
normal diabase. In one p1ce
between Va. 7 and Va. 8.
tens of feet, within normal diabase.
was observed between Va. 7 end
a gradational contact was observod
comprising a one inch thick band of amphibole and a two
of plagioclaae, orthoolse, and ferro-magnesien minarals.
92 21.97 41.2
93 224 +8.3
Ia. 4 39'49100"1 N
77013148" W
op 25. 9 p
Pa. 5
py & op
390501240 N
W 010 24" U
py, 20% op
Pa. 6 59050118" N
770109 6" W
py '0% py
cp 80% cp,
Pa. 13 40*14155"
75099,100
ep B 85$ ep
Pa. 14
py 85% Py
,p 90,p
Gettysburg Sill, Pa.
Medium-rained uartz diabase. Chips from residual boulders.
90/10 22.20
Med lum-grained anorthoaitio diabase. Chips from 15 sq. ft.
Very fine-grained chilled selvege at base of sill.
Bulk sample from 2 boulders.
88/12 45 --
90/10 -- 22.22.
+ 1.0
+042
-06
Saint Peters Bill, Birdsboro, Pa.
Sohn T. Dyer Quarry Company's Trap Rock Quarry. Normal diabase.
Dark grey, medium grained; comprises about 50 plagioclase and
50% ferro-magnesian minerals. Chips from 75 sq. ft.
93/7 99 22.22 -0,1
Trap Rock Quarry. Medium grey diabase. Medium grained, but
distinctly coarser than normal diabase; comprises about 4 f%
plagioclase, 30% pyroxene partly altered to amphibole, 207 orthcclase,
5% mieropegmatite. Bulk sample from I Sq. ft.
-- f -- -&
.1 5
22.19 +1.6
Pa. 15
py 98% py
ep 90. epoO py
Trap Rock Quarry. Six inch thick aplite dike intruding normal
diabase. Pinkish grey, fine grained; comprises about 60% orthoclase,
30% plagioclase, and 10. ferro-magnesien minerals. Bulk sample
of about 1/3 cui ft.
,5/5 88 2+.03 48.4
94/6 87 22.1 +4.6
Va. 6
Va. 7
Va. 8
Va. 9
p; 97 p
ap9 P' p 
Alteriation seem
inch thick band
95/5
95/5
+ 7.1
+3.8
935/7' 22,22
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Table 6 - continued
latitude
.s s Longitude Specimen Description and Sample Type *
Coacentrats Per Cent
Mineral : Purity 802/002 Yield S32/S$ 6S 34  S34 op)
Palisades Bill
Very fine-grained chilled zone 5 to 10 ft. above base of sill. Sample
oarefully inspected for sulfides along cracks. All sulfides uniformly
disseminated. Chips over 30 ft. Hendrick Hudson Dr., 600 ft. north
op 85A op, 104 py
of Goo. Washington Bridge.
91/9 - 22.21
Fine- to medium-grained normal diabase from 20 ft. below olivine
layer. Chips from 75 sq. ft. Rosa Dock traffic circle, H. Hudson Dr.
91/9 65 22.22 -0.2
Olivine layer. Chips from 15 sq. ft. in lower half of olivine layer.
Ross Dock traffic circle, H. Hudson Dr.
91/9 -- 22.22 -0.1
!Iedium-greined normal diabase
layer. Chips from 100 eq. ft.
91/9 80
93/7 -
from about 150 ft. above base of olivino
Ross Dock traffic circle, H., Hudson Dr.
22.22* 
-0.0
22.22: 
-0.1
Pegmtitic diabase from one of the irregularly shaped bodies of
pegmatitic shlieren near the top of the sill. Chips from 100 sq. ft.
South side of Route N.y. 4, 1.3 mi. from west end of Goo. Washington
Bridge.
op 98$ cp,2$ bornite 91/9 71 22,22 +0.2t
Fine-grpined two inch thick stringer of splite in normal dinbase. Obtained
from large piece of talus above olivine layer. According to K..R. Walker
( written communietion, March 1962) the diabase in which the stringer
occurs is of the type generally found a short distance above the olivine
layer. The aplite consists of chiefly Obtilersc, uaPetk -nd cInaQisite.
Ross Dock traffic circle, H. Hudson Dr.
93/7 90 22.11 4 4.9
Three inch wide
olivine layer.
93/7
95/5
calcite vain, containing massive sulfides, cutting
Ross Dock traffic circle, H. Hudson Dr.
-- 22.14 +3.6
89 22.26 -1.8 +5.4
Instrumental precision ±0.1 pur nil in standird deviation.
r'ver-all annlytical pracision 10.2 per mil. in standard doviation.
** Unless otherwise indicated sultidea occur as smaill uniformly disse-minIted r:ins.
* Probably slightly on the positive side of the correct value due to high 002.
N.J. 7
N.J. 8
N.J. 9
N.J. 10
op 90. op
op 701. op
py 99$ py
op 801. op
N.J. 11
N.J. 12
py 90$ py
py 99$ py
op 99$ cp
N..T. 6
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Table 7
Cornwall Type Magnetite Deposits
Specimen: Location and 4S34
No. : Lindgren Collection No.
Pa 18 py French Creek; 7810 +8.2
Pa 19 py French Creek; 7818 -0.2
Pa 20 py French Creek; 7822 +7.2
cp +6.4
Pa 21 py Dillsburg, Atland or Smeyser Pit; 7794 +4.7
Pa 22 py Dillsburg, Atland or Smeyser Pit; 7790 +8.2
Pa 23 py Dillsburg, Atland or Smeyser Pit; 7789 +2.
Pa 24 py Cornwall; 7762 +10.3
Pa 25 py Cornwall; 7748 +17.0
Pa 26 py Cornwall; 7750 + 9.9
All concentrates about 100 per cent pure.
Analytical precision I 0.7 per mil.
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Table 8
Extrusiv3 bodies
Specimen & Latitude
No. : Longitude Specimven Deacriptien and Samrple Type **
a Concentrate : Per Cent
Mineral a Purity : 302/C0 2 Yield S32/S 34 s 334 SS34 (py . ep)
Very fine-grained basalt. Some pyrite occurs in lenticulr nods I to 2 mm.
in diumeter. Pods are uniformly distributed and not associnted with
fractures. Chips from 25 eq. ft.
93/7 76 22.31 -4.2
95/5 74 22.31 -4.2
Second Watchung flow. Fine-grained basalt. Chipa over 10 sq. ft.
95/5
Talcott flow.
Chips over 10
95/5
92/8
22.34
Dominantly aphanitic vesicular lastlt.
ft.
92 22.52
-- 22.48
-5.5.
-13.4
-11.8
Holyoke, ftow-m mngrde - ;.gtu2d l#t" i var'
130 ft. bme-nf at oAWga det*ser r fle
94/6 ?8 22.-3
90/10 71 22.30 -3.6
-1.6
- 2.3
Conn. 5 41057,30" N
72
0 43130" -4
py A 995 py
B
op 82$ cp,3$ py
Hampden flow. Aphanitic
ptl'gioclse phenocrys~t.
95/5
95/5
90/10
non-yesicular hElt es.t -Aig u :l
Chips over 12 ft.
86 22.17
89 22.17
22.24
41*33'38" N
72044137. W
Talcott flow. Aphartic vesicular basalt. Chi!,, cver 60 ft.
90$ py,140 bornite 94/6
cy 75 p.5$ py
22.38
22.3689/11
Conn. 8
py
41 34' 7" N
72043,19i W
100% py
Conn. 9 41030136" N
7204311" W
op 50. op
Mass. 1 42012t30" N
72*39950" -l1
py 95$ py
Mass. 4 420291 2" N
72"34' 4" V
op 901 ep
Mass. 5 42 0341 9" N
72033,13. W
py (a) 80. py
{f) 97$ py
op 60 cp
Holyoke flow. Fine-grained non-vestcular basalt. Chips ovor 700 sq. ft.
95/5 22.33
iampden flow. Dominantly aphanitic non-vesicular basalt.
Chips over 55 ft.
-- -- 22.26
-5.1
-1.7
Holyoke flow. Fine-grained non-vesicular basalt. Some sulfide occurs
as flaky coatings along tight fractures. Chips over 10 sq. ft.
- -- 22.30 -3.6
Deerfield flow. Fine-grained non-vesicular basalt. Chips over 25 sq. ft.
93/7 22.37
Deerfield flow. Fine-grained slightly vesicular basalt. Some
sulfide occurs as flaky coatings along tight fractures. Chips
over 15 ft.
955- 22.33
92/8 90 22.34
- -- 22.32
-6,6
-4.9 
.1
-5.3
-4.6
Instrumental precision ±0.1 per mil in standard deviation.
Over-all aalytical precision ±0,2 per mil in standard deviation.
* Unless otherwise indicated sulfides occur as very small uniformly disseminated grains.
* Probably slightly on the negative side of the correct value due to high 002.
(a) Refers to concentrates of sulfides extracted from specimens without floatation.
(f) Refers to concentrates of sulfides extracted from specimens by floetation.
A or B Designates separate gas preparations of the same concentrate.
Va. 5
py A
B
N.J. 5
py
Conn. 3
py
ep
Conn. 4
py
op
380 41
77 44'
99$ py
40* 39 6" N
74*27959 W
945 py
41056,48" N
724454" W
995 Py
65$ cp,10$ py
41056136" N
7204418" W
99$ py
904 ap,10$ py
Conn. 7
py
+2.1
+2-1'2+3
-1.0
-0.5
+3.3
- JI
Table 9
Probable Extrusive or Hypabyssal Bodies
Specimen :Latitude Specimen Description and Sample TypeNo.* Longi.tude
Mineral Concentrate : S02/002 Per Cent S32 /s 4 S34  Av. S34 of
Purity Yield Specimen
Pa. 3
prht A
B
Pa. 7
py
prt
Pa. 11
py A
B
39057f 30: N
77 8 36 W
95". prht
400 6 28I N
76 57 4 W
951. py
951. prt
39059'13" N
76038? 50" w
98 py
Gettysburg complex. Aphanitic to
Chips from residual boulders.
92/8 82
fine-grained olivine basalt.
-4.1 -4.2
-4.0
Appendage to Gettysburg complex. Fine-grained diabase, probably
from a chilled selvage. Chips from boulders.
94/6
94/6
22,30
22.30
-3.8
-3.5
-3.6
Stonybrook dike. Fine-grained diabase. Chips from 25 sq. ft.
neqr center of 50 ft. thick di1se.
95/5
90/10
22.31
22.31
-3.9
-3.9
-3.9
**
Sulfides occur as very small uniformly disseminated grains.
Instrumental precision ± 0.1 per mil in standard deviation.
Analytical precision t 0.2 per mil in standard deviation.
A or B designates separate gas preparations of the same concentrate.
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Table 7 is allowed for in the following interpretations.
The differences in isotopic composition of pyrite and
chalcopyrite pairs from the same specimen of extrusive rock
(Table 8) appear to be real. However, the reversal of
the trend in specimen Conn. 5 and the small number of com-
parisons available preclude a statistically sound conclu-
sion. It is interesting to note that two specimens of
chalcocite associated with the Keweenawan basalts have
6S34 values of -6.7 and -2.3 per mil (Ault and Kulp, 1959),
which are similar to the 6S34 values of the Newark group
intrusives.
Specimens Pa. 3, Pa. 7, and Pa. 11 (Table 9) were col-
lected from bodies initially thought to be intrusive. Sul-
fides from these specimens have 6S34 values typical of sul-
fides from extrusive bodies. A second consideration of
field data showed it was not unreasonable to consider these
rocks to have formed on or near the earth's surface. Accord-
ingly, these specimens are tabulated separately. The reasons
for this interpretation are discussed fully by Smitheringale
(1962).
DISCUSSION OF RESULTS
Normal diabase from intrusives
Specimens of normal diabase were collected from both
marginal and central portions of intrusives of greatly dif-
ferent sizes. The mean 6S34 value of sulfides extracted from
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19 of these specimens is +0.1 + 0.4 per mil. This is within
analytical error of the mean 6S34 value of +0.2 + 0.1 per
mil obtained for troilite from six meteorites (Table 3).
The uniformity of the 6S34 value of the diabase specimens,
and the lack of isotopic fractionation of sulfur during the
early to middle portions of the crystallization history of
the Gettysburg and Palisades sills (see following section)
indicate that little isotopic fractionation of sulfur occurred
during the crystallization of normal diabase. In other words,
the isotopic composition of sulfur in normal diabase closely
approximates the isotopic composition of sulfur in the magma
at the time crystallization began.
Insufficient data is presented to make the mean in
Table 4 for each area statistically meaningful. Never-
theless, it does appear that there is no important change
in 6S34 values from one area to another.
The possibility that some crustal sulfur was added to
the Newark magmas during their passage through crustal rocks
must be considered. Evidence against assimilation of intruded
rock was found by Lewis (1908) and Walker (1940) in the case
of the Palisades sill and by Hotz (1953) in the case of the
Dillsburg, Pa. diabase. Neither Lewis (Stose and Lewis, 1916)
nor Shannon (1924) considered the possibility of assimilation
in their descriptions of the Gettysburg sill and Goose Creek
intrusive, respectively. On the other hand, Tomlinson (1945)
considered the silicic and alkalic differentiates in the dia-
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bases of the New York-Virginia basin a result of assimilation.
The most convincing evidence against contamination of the
Newark magmas by crustal sulfur is the uniformity of the
isotopic data. The Newark basins are underlain by a variety
of basement rocks. The distribution of sulfur isotopes among
these rocks is certainly not uniform. It is therefore un-
likely that contamination of the magmas has occurred but that
uniformity of S34 values was established or maintained by
additions of the proper quantities of crustal sulfur with the
proper isotopic composition in different parts of the Newark
area.
One exception to the general absence of contamination
is specimen N.J. 2. This specimen was collected near the
contact of the same intrusive from which N. J. 3 was collected.
There is no apparent reason for the anomalous 6S34 value of
N.J. 2 and it is therefore attributed to local contamination
of sulfur from the nearby Newark sedimentary rocks. Accord-
ingly, N.J. 2 has been omitted from the mean in Table 4.
The large range in 6S34 values of the North Carolina
specimens, in contrast to the small range in other areas,
is unaccounted for. Contamination is a possibility. These
specimens have not been omitted from the mean in Table 4
because they are only moderately different from some other
specimens. The question can be raised whether or not it is
valid to consider Pa. 3, 7, 11 (Table 9) and N.J. 2 as spuri-
ous with respect to normal diabase. If the Pennsylvania
specimens are included in Table 4, the grand mean becomes
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-0.5 + 0.4 per mil. If N.J2 is included but the Pennsylvania
specimens excluded the grand mean becomes +0.4 + 0.5 per mil,
and if all four specimens are included the grand mean becomes
-0.2 + 0.5 per mil. It is apparent that these alternative
interpretations would not invalidate the conclusions drawn
from the preferred interpretation. Nor does the exclusion of
the North Carolina specimens significantly alter the grand
mean in Table 4.
Differentiated intrusives
Gettysburg sill. The Gettysburg sill is the principal
exposure of a complex of instrusive bodies, all of which
were visualized by Stose (1916) as having stemmed from a
central intrusive root. The rocks are dominantly diabasic,
but show a diversity of differentiation facies. In a de-
tailed account of the petrography of the sill, Lewis (Stose
and Lewis, 1916) described the following varieties: (1) nor-
mal diabase, the most common rock, (2) feldspar diabase or
"anorthosite", consisting chiefly of plagioclase, (3) quartz
diabase with abundant quartz, much of it in micrographic
intergrowths with orthoclase, (5) aplite, (6) hypersthene dia-
base, (7) olivine diabase, (8) basaltic diabase, a dense black
facies, in places vesicular and having a glassy groundmass,
and (9) olivine basalt.
Sulfides from quartz diabase and "anorthosite" (Pa. 4
and Pa. 5) have 6S34 values similar to sulfides from very fine-
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grained diabase from the chilled margin at the base of
the sill (Pa. 6) and from normal diabases in general. There
is an increase in 6S34 content from the chilled margin
through the "anorthosite" to the quartz diabase, but the
change is within the range displayed by normal diabases and
cannot be interpreted as meaningful. The "anorthosite" and
quartz diabase were collected from the lower half of the sill.
The 6S34 values therefore indicate little, if any, isotopic
fractionation of sulfur during the early to middle stages
of crystallization of the Gettysburg sill.
Belmont stock, Goose Creek, Va. Shannon (1924)
distinguished four rock types in the intrusive at Goose
Creek, Va.: normal diabase, diabase pegmatite, albitic peg-
matite and aplitic albite rocks. All of these types are
cut by fissures adjacent to which hydrothermal alteration
has occurred. Normal diabase is by far the most abundant
type. Diabase pegmatite differs from normal diabase mainly
in its coarseness of grain and its content of quartz-ortho-
clase micropegmatite. Its contacts with normal diabase are
both intrusive and gradational. Shannon attributes its
development to local concentrations of volatile components.
Several types of albitic pegmatite are present. In general,
they are characterized by abundant micropegmatite, albite as
the principal feldspar, diopside, either as a primary mineral
or replacing bladed augite crystals typical of diabase peg-
matite, and by coarseness of grain. Some albite pegmatite
contains miarolitic cavities lined with quartz and albite
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crystals and containing chalcopyrite. Stringers of albite
pegmatite in normal diabase have sharp contacts and can be
traced to bodies of diabase pegmatite. In places albite
pegmatite shows gradational contacts with, and appears to
be a pseudomorphous replacement of, diabase pegmatite.
Shannon considered some of the albite pegmatite to be a pro-
duct of "hydrothermal action by a magma of extremely dif-
ferentiated composition" on diabase pegmatite and some to
"represent a true extreme alkalic magmatic differentiate,
probably an acid residium from the crystallization of the
larger masses of normal pegmatite". Hydrothermal altera-
tion seams are characterized by "diopsidization" or "horn-
blendization" of adjacent rock and in places by the presence
of chlorite. They are distinct from zeolite bearing hydro-
thermal joint and cavity fillings. In summary, Shannon
stated that there appeared to be: "a gradation from the
original crystallization of the normal diabase through a
series of magmatic differentiates into high temperature
hydrothermal deposits....".
Normal diabase from the Belmont stock (Va. 6) contains
sulfides with a 6834 value of +0.4 per mil, which is fairly
typical of sulfides from other normal diabases. Increasing
enrichment in 6S34 is shown by sulfides from diabase peg-
matite (Va. 7), albitic pegmatite (Va. 8) and an alteration
seam (Va. 9). The 6S34 value of chaloopyrite in Va. 9 is
+8.3 per mil and of pyrite +11.2 per mil. Pyrite is character-
istically enriched in S34 relative to chalcopyrite in the
last three specimens.
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A comparison of the isotopic data and the petrology
of the Belmont stock indicates that sulfides formed during
the late stages of crystallization became increasingly en-
riched in S34 from one stage to the next.
Saint Peters sill, Birdsboro Pa. At the Trap Rock
Quarry of the J. T. Dyer Quarry Company, in the Saint Peters
sill near Birdsboro, Pa., chalcopyrite in normal diabase
(Pa. 13) has a 6S34 value of -0.1 per mil. Sulfides in
light colored diabase with coarser than normal grain (Pa.
14) and in an aplite dike traversing normal diabase
(pa. 15) have 6S34 values up to about +8 per mil. In Pa. 14
and Pa. 15 pyrite is enriched in S34 relative to chalcopyrite.
This data indicates an enrichment of S34 in sulfides
in late stage crystallization products.
Palisades sill. Lewis (1908) and Walker (1940) have
published detailed accounts of the petrology of the Palisades
sill. Texture and mineral composition impart a layered
structure to the sill. Gravity settling and crystal frac-
tionation account for the layered structure and the accompany-
ing chemical variations. According to Walker, crystal fraction-
ation caused volatile constituents to remain in the liquid
phase and become concentrated in the upper levels of the sill.
The coarse crystallization promoted by the volatiles result-
ed in irregularly shaped bodies of "pegmatitic schlieren".
These schlieren are similar in nature to the bodies of dia-
base pegmatite in the Goose Creek intrusive. Albitization,
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formation of micropegmatite, and replacement of pyroxene by
amphiboles, which are features displayed by some of the
schlieren, are attributed by Walker to a "deuteric stage"
of crystallization. This subsequently led into a hydro-
thermal stage, which was characterized by solutions rich
in water, silica, and alkalies, and during which aplitic
veins representing "....the expulsion of the last magmatic
residues." were formed.
Specimens of the Palisades sill were collected from
the basal chilled contact, normal diabase below the olivine
layer, the olivine layer, normal diabase in the lower central
part of the sill, one of the pegmatite schlieren, an aplite
dike, and a carbonate vein. Sulfides from the chilled margin,
olivine layer, and normal diabase have 6S34 values similar
to sulfides from other normal diabases. Sulfides from the
aplite dike and carbonate vein are enriched in S34 relative
to sulfides in other specimens. Pyrite from the carbonate
vein is enriched in S34 relative to chalcopyrite in the
same specimen. In contrast to chalcopyrite from one of the
pegmatite schlieren (N.J. 10), pyrite from very coarse-grain-
ed diabase (probably one of the schlieren) analyzed by Ault
and Kulp (Ault and Kulp, 1959, specimen HRS 6) is enriched
in S34, with a S34 value of +7.2 per mil. This difference
is in agreement with the difference between pyrite and chal-
copyrite in late stage crystallization products at Goose
Creek and Birdsboro.
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Data from the Palisades sill indicates that the isotopic
composition of sulfur in the magma remained essentially con-
stant until at least about one-quarter of the magma had
crystallized. During the late stage formation of carbonate
veins and aplite dikes, and at least some of the pegmatite
schlieren, sulfur was isotopically fractionated, with the
late stage products becoming enriched in S34 by 3 to 7 per
mil.
Synopsis. The composite picture presented by the
preceding cases indicates that isotopic fractionation of
sulfur in the Newark magmas was negligible or very slight
during the early to middle stages of crystallization. During
the late stages of crystallization, when rest magmas became
enriched in alkalies, silica, and volatiles, significant
isotopic fractionation of sulfur did occur, at least in
places. Pyrite and chalcopyrite formed during these stages
show a progressive enrichment in S from one stage to the next.
The maximum difference in S34 content observed between sul-
fides in normal diabase and in late stage products is about
11 per mil and the average is about 5 per mil. Where pyrite
and chalcopyrite co-exist in a late stage productpyrite is
characteristically enriched in S34 relative to chalcopyrite.
It is not known at what point isotopic fractionation of sul-
fur becomes significant, but it must coincide withor precede,
the pegmatite stage of crystallization. It continues into
the hydrothermal stage.
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Cornwall type deposits
In southeastern Pennsylvania there are numerous magmatic
hydrothermal magnetite deposits formed by replacement of lime-
stone beds adjacent to Newark intrusives. The sources of the
mineralizing solutions were the nearby intrusives (Gray and
Lapham, 1961; Hotz, 1953; IMndgreul933; Smith, 1931; Spencer,
1908). These deposits are known as the Cornwall type magnetite
deposit. They commonly contain small quantities of sulfide
minerals.
Specimens from the deposits at Cornwall, French Creek,
and Dillsburg were selected at random from the Lindgren Ore
Collection at Massachusetts Institute of Technology for isotopic
analysis. Sulfides from the intrusives near the deposits were
not analyzed. The mineralogy, texture and composition of these
intrusives are the same as for other Newark intrusives, and
there is no reason to suspect that the sulfides they contain
would be isotopically different from sulfides in other intru-
sives.
Sulfides from these deposits are characteristically en-
riched in S relative to sulfides in normal diabase. The
range of 6S values obtained is from -0.2 to +17.0 per mil, and
the mean is about +7 per mil.
This observation implies that the enrichment is S34 of
sulfides in some mineral deposits genetically related to mafic
bodies (see Table 2) may, at least in part, be due to isotopic
fractionation associated with late stage magmatic processes.
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Extrusives
Petrologically, the Newark group lava flows are simply the
extrusive equivalents of the Newark group intrusives.
Sulfides in the extrusives are distinctly enriched in S32
relative to sulfides in normal diabase from the intrusives.
The range in 6S34 values obtained is from +2.2 per mil (the
only specimen with a positive 6S value) to -13.4 per mil, with
a mean of about -5 per mil. It was previously mentioned that
the apparent enrichment of pyrite from extrusives in S32 re-
lative to chalcopyrite cannot be confirmed statistically.
SUMMARY AND CONCLUSIONS
The igneous rocks of the Newark group crystallized from
tholeiitic magmas which were presumably derived from the upper
mantle. Uniformity of sulfur isotopic data over several hund-
reds of miles indicates that there was little addition of crustal
sulfur to the rising magmas.
Data has been presented that suggests that the isotopic com-
position of sulfur in the uncrystallized intrusive magmas was
close to +0.1 + 0.4 per mil. This value is identical, within the
limits of analytical error, to a mean 6S34 value of +0.2 +0.1
per mil obtained for troilite from six meteorites.
Data from several differentiated bodies indicates that
isotopic fractionation of sulfur was negligible or very slight
during the early to middle stages of crystallization. Sulfides
formed during the late stages of crystallization show progres-
sive enrichment in S34 from one stage to the next. The extreme
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enrichment observed is +11 per mil, and enrichment between
+3 and +8 per mil is common. Pyrite is characteristically
enriched in S34 relative to chalcopyrite.
Sulfides in several magmatic hydrothermal mineral deposits
genetically associated with Newark intrusives show a range in
6S34 values from about zero to +17 per mil, with a mean of
about +7 per mil.
The extrusive equivalents of the Newark intrusives contain
sulfides that are characteristically enriched in S3 2 relative
to sulfides in normal diabase. The range of 6S34 values ob-
served is from +2.2 per mil to -13.4 per mil, and the mean
is about -5 per mil.
From these results the following conclusions are drawn:
(1) The isotopic composition of sulfur in the upper mantle
beneath the Newark basins in the Late Triassic was identical,
within analytical error, to the isotopic composition of sulfur
in meteorites.
(2) Isotopic fractionation of sulfur can take place during the
late stages of crystallization of a tholeiitic magma. This
fractionation causes an enrichment of S34 in late formed sulfides.
(3) Isotopic fractionation continues into the hydrothermal
stage of crystallization and causes a similar enrichment of
S34 in sulfides of mineral deposits formed by emanations from
the magma.
(4) Due to some mechanism of isotopic fractionation associated
with crystallization at the earth's surface, sulfide minerals in
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the Newark group lava flows are enriched in S32 relative to
sulfur in the magma source.
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PART II
Sulfur has four naturally occurring stable isotopes.
Their conventional abundance is given below (Bainbridge
and Nier, 1950):
Isotope
S32
S33
S34
S36
Percentage Abundance
95.1
0.74
4.2
0.106
A:i 35 37
The radioactive isotopes S , S , and S have been prepared
artificially.
Thode et al. (1949) and Trofimov (1949) first reported
variations in the isotopic composition of naturally occurr-
ing sulfur compounds. Thode and co-workers reported a
variation of 5 per cent in S32 /34 ratios, with S34 generally
concentrated in sulfates and S32 in less oxidized compounds.
Subsequent work has shown a variation of over 11 per cent in
this ratio.
Objectives
The main purpose of this study was to obtain a reasonable
indication of the isotopic composition of sulfur in the upper
mantle. A secondary goal was to determine the extent of
fractionation of sulfur isotopes during crystallization of mafic
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CHAPTER I
INTRODUCTION
Abundance of Sulfur Isotopes
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magmas.
The source of all crustal sulfur is the mantle. The
process of passing from the upper mantle to the crust does not,
in all probability, involve isotopic fractionation in the case
of sulfur. Consequently, the isotopic composition of sulfur
in the upper mantle determines the initial isotopic composition
of sulfur before it is affected by crustal processes. The
isotopic composition, and variations therein, of sulfur in
the upper mantle are therefore important factors in the inter-
pretation of sulfur isotopic data and to the formulation of
the geochemistry of sulfur isotopic fractionation. Conflicting
opinions concerning the isotopic composition of upper mantle
sulfur have been expressed in the literature.
Theoretical and analytical evidence suggests that little
fractionation ofsulfur isotopes takes place during crystall-
ization of mafic magmas. The analytical data, however, are
meager, and do not preclude the possibility that isotopic
fractionation of sulfur during magmatic crystallization has had
some influence on the abundances of sulfur isotopes observed
in some magmatic hydrothermal sulfide deposits. Moreover, since
the main concern of this investigation was approached through
sulfides contained in mafic igneous rocks that supposedly ori-
ginated in the upper mantle, it was necessary to evaluate the
effect of crystallization processes on the isotopic composition
of the sulfides in the rocks investigated.
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The Triassic mafic igneous rocks of eastern North America
were selected for investigation for the following reasons:
(1) there is little doubt that the magmas from which they form-
ed originated in the upper mantle, (2) they occur throughout
a great distance, (3) they are the same age, (4) they represent
a magma type of world-wide distribution, and (5) much geological
information concerning them is available.
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CHAPTER II
ISOTOPE FRACT IONAT ION
Chemical Processes
The chemical properties of elements are largely deter-
mined by the number and arrangement of their orbital electrons,
and in this respect isotopes of a given element are identical.
However, because of the difference in mass between isotopes,
the rates of chemical reaction differ slightly for the
isotopes of a given element, even though these isotopes behave
alike chemically. Thus isotopic fractionation is possible
when elements or compounds enter into chemical reaction.
Theoretically calculated fractionation factors have been
successfully correlated with observed amounts of fractionation
for equilibrium exchange reactions and to a lesser extent for
certain utdirectional reactions.
Equilibrium Reactions
Consider the isotopic exchange reaction
aA1 + bB2 aA2 + bB1
where A and B are molecules containing one element in common
and the subscripts 1 and 2 indicate that the molecule contains
only the light or heavy isotope respectively. The isotopic
equilibrium constant, K, for any reaction is related to the
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standard free energy Fo by the equation
-RT inK = AF = aFo2 + bF 0 - aFol - bFB2  (1)
However, the free energy is related to the partition function
of a molecule in a manner such that the equilibrium constant
for the above reaction can be expressed by the equation
a b
K A2 QB2
FAl J QB1JI- j L(2)
where 'A and 2U are the partition function ratios of the
QAl a B1
isotopically different molecules of the reacting substances
(TUidge and Thode, 1950). The partition function of a molecule
can be rigorously defined to show its dependency on the mass
of the molecule. Since isotopes differ slightly in mass the
reason for isotopic fractionation in an isotope exchange reaction
becomes clear.
In the case of isotopic molecules several factors in the
expression that rigorously define the partition function ratio
cannot be measured. In order to calculate equilibrium constants
of isotopic exchange reactions, certain simplifying although
theoretically justifiable,assumptions are made that allow the
equilibrium constant to be expressed in terms of a new set of
partition function ratios which in turn can be calculated from
a knowledge of the vibrational frequencies of the molecules
alone. (Urey and Rittenberg, 1933; TUdge and Thode, 1950).
Vibrational frequencies of isotopic molecules can be obtained
from spectroscopic data.
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Urey (1947) calculated equilibrium constants for many pos-
sible exchange reactions involving the isotopes of H, B,
C, N, 0, Li, and the halogens. Tidge and Thode (1950) and
Sakai (1957) calculated equilibrium constants for various
isotope exchange reactions between sulfur compounds. Fig. 1
is a reproduction of Sakai's results. Two important character-
istics of sulfur isotope fractionation are illustrated by
Fig. 1. Firstly, fractionation factors are small at elevated
temperatures, and secondly, the fractionation factor tends to
become larger as the difference in oxidation state between
sulfur in two compounds increases.
Unidirectional Reactions
Fractionation of isotopes may occur in unidirectional
as well as equilibrium processes. Both processes occur in
nature.
An isotope effect should be present in any atomic or
molecular process in which the reactants must acquire a certain
energy before they become activated and can react, i.e., in
processes requiring an activation energy. The reason is that
the activation energy of an atom or molecule is related to its
vibrational frequency, which in turn is related to its mass.
Thus isotopic molecules have different rates of reaction, with
molecules containing the lighter isotope reacting faster. In
such processes the rate of reaction is determined by the
velocity at which a reactant in an activated state travels
over the top of an energy barrier lying between the initial
1-070 -SO/H2S partition function ratio
SO, partition function ratio H2 S
34 /H2 S3 2
0 1-060 Ys"1054 6015 = 1.048 at 100'% (Sakai, 1957).
9: 1.010
o2 1-050 But K also equals
0 0
-4 0 S44 HS2
1-040 S02/H 'i H2S3]
-[s 2o4 [H2/s5ISj
U-r4 where the square brackets refer to concentretions.
1-030 0402
A02 103040 00506070 09010H2S/
1.011.010
ButK lsoeqal
1-ooo I
0 100 200 300 400 500 600 700 800 900 1000
Temper3ture OC
Fig. 1. Variation of isotopic equilibrium const- nts between sulfur compounds
with temperature. After Sakai (195'7).
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state, in which a reactant cannot react, and the final state,
in which it can react. A reactant in an activated state is
referred to as an "activated complex".
Bigeleisen (1949) derived an expression giving the approx-
imate ratio of the rate constants of reactions in which isotopic
molecules are competitive. According to Bigeleisen,
QR2 2 m 1/2
2 QRl Q m
(3)
where the K's are the specific rate constants, QR and Q are the
partition functions for the reactants and activated complex
respectively, m is the effective mass of the activated complex
and the subscripts 1 and 2 designate reactants containing light
and heavy isotopes respectively.
This equation shows that the ratio of reaction rates,
K1I/K2, depends upon the partition function ratios of the activated
complexes. Since the latter cannot yet be measured, and since
it is not certain what values should be assigned to ml and m2,
the rate ratio cannot be calculated. However, upper and lower
limits can be calculated for the ratio Ki/K2 by assuming that
the activated complex is identical, respectively, to the products
of the reaction and to the starting material. Harrison and Thode
(1957) obtained an experimental value of Ki/K2 for the uni-
directional reduction of sulfate by hydriodic acid which lay
about midway between the upper and lower limits for K /K2 calcul-
ated form Bigeleisen's equation. Their experiments, conducted
at 180C and 500C, showed that S320 = reacted 2.2 per cent faster
than S3404=, giving a fractionation factor of 1.022. Theoreti-
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cally the fractionation factor should decrease as the temperature
increases, although Harrison and Thode found no change between
the temperatures of 180C and 500C.
Biochemical Processes
Sulfur is an important element in parts of the biosphere.
Organic sulfur is synthesized from sulfates in plant photosyn-
thesis, aerobic bacteria oxidize sulfur and anaerobic bacteria
produce hydrogen sulfide by reduction of sulfate.
Thode et al. (1951), Jones (1955), Feely and Kulp (1957),
Harrison and Thode (1958), and Nakai and Jensen (1961) have ob-
tained fractionation of sulfur isotopes in laboratory experi-
ments involving reduction of sulfate by the bacterium Desulfovibrio
desulfuricans. The H2S produced was deficient in S34 relative
to the sulfate in varying amounts up to about 3 per cent.
Harrison and Thode (1957) found that the reduction of sul-
fate by D. desulfuricans involves a reaction series of two steps
which compete for control of the overall reaction rate. The first
step is the uptake of sulfate by the forming of a sulfate-enzyme
complex. The second is the reduction of the sulfate in the sulfate-
enzyme complex to sulfite. Since the first step involves a small
isotope effect and the second involves a large isotope effect,
the amount of fractionation for the sequence is dependent on the
relative rates of the two steps. The relative rates of these two
steps are dependent on the environment of the bacteria, e.g.
temperature, metabolite (sulfate) concentration and conditions of
growth. A third step, the reduction of sulfite to hydrogen sulfide,
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is rapid relative to the other steps and produces little fraction-
ation. The maximum overall fractionation obtained was 2.5 per cent,
with the lighter isotope reacting faster.
Although sulfur compounds may undergo biophysical processes
such as diffusion through cell walls, most of the biological
processes involve chemical reactions to which the theory set
forth in the section on fractionation by chemical processes ap-
plies.
Physical Processes
The isotopes of an element may behave differently in physical
processes such as diffusion, vaporization, physical adsorption,
solution, and fusion. These and other processes may be used to
separate isotopes in the laboratory. Some cases of isotopic
fractionation in nature have been attributed to diffusion and
some mention has been made of vaporization as a possible fraction-
ating process (Ault and Kulp, 1959), but other physical processes
have not been considered as agents of isotopic fractionation in
nature.
Diffusion can be described as that process by which atoms,
ions, or molecules migrate within a solvent, driven by a chemical
potential gradient. The diffusing particles are called the solute.
The rate at which a solute particle diffuses depends, among other
things, on the mass of the particle. Other things being equal,
the smaller the mass the greater the rate of diffusion. In a
geological sense, diffusion through a crystal matrix, along grain
boundaries, or over surfaces is solid diffusion, whereas diffusion
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through intergranular pore fluid is liquid diffusion. Two types
of diffusion are recognized: steady state diffusion and non-
steady state diffusion.
For illustration, consider the development of diffusion
through a volume of solute free, water saturated rock from a
source of constant isotopic composition to an initially solute
free sink, e. g. a site of deposition or a water bearing fissure.
The pore water, or solvent, between the source and sink is
static. The difference in concentration of solute between the
source and the sink constitutes the chemical potential gradient
down which the solute will diffuse. As the diffusion front moves
through the solvent the concentration gradient can be diagrama-
tically represented by curve 1 in Fig. 2. As the process con-
tinues the rate of diffusion at a point, at a distance x from
the source, will steadily increase. The concentration of solute
at that point, C , will also increase, while the concavity of
the curve representing the concentration gradient in the same
vicinity will decrease. This condition is non-steady state
diffusion. After the diffusion front reaches the sink the con-
centration of solute in the sink will begin to increase. If
the concentration of solute in solution in the sink is maintained
at a constant value, say by deposition of the solute, the curve
representing the concentration gradient between the source and
sink will eventually become a straight line (line 2, Fig. 2),
and the rate of diffusion will be equal and constant through every
section between the source and sink. When this condition has
been attained steady state diffusion exists.
Co concentration of solute in source.
Co. C1  concentration os solute at a distance x
from source.
H0 .75Co.
02
0. 50 Co-
%3 0%
o 00
4b
4&
.250.
0
0
Source Distence from source, x Sink
Fig. 2 Concentration gradients of solute during steady state
and non-steady state diffusion.
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Non-Steady State Diffusion
Senftle and Brachen (1955) have shown that the maximum
isotopic enrichment in a diffusion field is found in the outer-
most zone of a non-steady state diffusion field, i.e., at fronts
of low solute concentration. For example, if a diffusing solute
consists of isotopic molecules of mass 103 and 105, one of which
has a coefficient of diffusion,D, of 9.7 x 10~ cm2/sec., then
the isotopic enrichment will be less than one per cent except
where the concentration of solute is less than eight per cent of
the concentration in the source. Examples such as this lead to
their conclusion that significant isotopic enrichment will be
found only at low concentration diffusion fronts, and the effect
will be evident only in a small amount of material. It should be
noted, however, that variations in isotopic composition of less
than one per cent can easily be detected in most isotopic analyses.
If similar calculations are made for H2S, for which
-4 20D = 1.4 x 104 cm 2 /sec. in water at 1600C, it is found that an
isotopic enrichment of one per cent or more will be effected
where the concentration of H2S is less than one-half the concen-
tration in the source. Where the concentration of H S is ten
per cent of the concentration in the source the isotopic enrich-
ment will be about five per cent. In the case of diffusing H2S'
then, significant enrichment in the lighter molecule will occur
at fronts of medium concentration. However, the amount of mater-
ial in which this enrichment would be evident is still small.
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Steady State Diffusion
The maximum rate of transfer of solute will occur during
steady state diffusion, however, the resulting isotopic fraction-
ation will not be as great as for non-steady state diffusion.
Garrels et al. (1949) investigated the diffusion of ions
through intergranular spaces in water saturated rocks. They
show that for steady state diffusion the percentage isotopic
enrichment S is given by the equation
S = L/DH - 1) 102 (4)
provided that the concentration of the solute in the sink is zero.
DL and DH are the coefficients of diffusion of the light and
heavy molecules respectively. If the solute comprised S32
and S34 ions the enrichment factor would be 3 per cent.
For the more genral case, for which the concentration of
the light molecule in the sink, (CL ), is different from the
x
concentration of the heavy molecule in the sink, (CH ), and
x
both are different from zero, it can be shown (Appendix 1)
that to a very close approximation
S= - Lx/CLo) DL /DH - 1) 102
(5)
where CL is the concentration of the light molecule in the source.
0
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From Eqs. (4) and (5) it is apparent that in steady state
diffusion the distance between the source and the sink does not
influence the percentage enrichment, nor indeed does the con-
centration of solute in the sink for the special case to which
Eq. (4) applies.
The quantity of solute transferred by steady state dif-
fusion through a volume consisting entirely of solvent and
solute is given by the equation
C 
- )
(6)
where Q is the quantity passing through a section of area A dur-
ing the time t. D is the coefficient of diffusion, C0 and C
the concentrations of solute in the source and sink respectively,
and 1 is the length of the diffusion path. If Eq. (6) is ap-
plied to diffusion through a water saturated rock, A is only
that area within an average section that comprises intergranular
fluid, i.e., the effective area. Most of the total area of the
section, will be occupied by solids. The term 1 will be the
mean length of the devious intergranular diffusion paths. To
simplify calculations Eq. (6) can be rewritten to give
Q = KAD (C 0 1 ) t
where As is the total area of a section, lx is the distance be-
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tween the source and the sink and K is a correction factor which
is a function of both the effective area and the mean length of
the diffusion paths. Garrels et al. (1949) measured K for three
limestones with porosites of 34, 18.2, and 11.4 per cent and ob-
tained values of 0.10, 0.05, and 0.03 respectively. It is prob-
able that in less porous rocks K would be smaller.
Table 1, shows the -amount .of H2S that would be transferred
by diffusion, and the corresponding percentage enrichment under
certain geologically feasible conditions. This data was calculated
using Eqs. (5) and (7). The calculations are based on two dif-
ferent assumed concentrations of H2S in the sink. The choice
of these concentrations was influenced by data presented by
Rafter et al. (1958) which showed the H2S content of the discharge
from 11 geothermal bore holes in New Zealand to range from 0.15
to 1.80 millimoles of H2S per 100 moles of discharge. In addi-
tion, the following conditions have been assumed:
t = 100 years K = 0.01
Temperature = 1600C As = 100 cm2
D at 1600C= 1 x 1 4cm2 /sec. 1= 10cm
The density of the intergranular fluid is taken as equal to pure
water at 1600 C. The effect of pressure is neglected. In Eq. (7)
C and C must be expressed in equivalent weights per milliliter
0 (C-C)
The working equation of Garrels et al. was Q = A'D 01 X t
where Q was defined in terms of unit area and A', which corresponds
to K in Eq. (7), was called the "effective directional porosity".
The term 1 corresponds to 1 in Eq. (7).
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of solvent.
The data in Table 1 suggest that liquid diffusion could be
a moderately important mechanism for the transfer of H2S in
some types of rock, and that significant isotopic fractionation
would result. It is worth pointing out that the coefficient of
diffusion of other simple sulfur compounds probably differs from
that of H2S by less than a factor of ten. Also, the quantity
transferred will increase with increasing temperature and time.
The percentage enrichment will decrease with increasing temperature,
but by a smaller factor than the increase in quantity transferred.
Table 1
Amount of H2S, Q, transferred by liquid steady state diffusion
through a 10 cm. cube of rock at 1600C in 100 yrs., and the re-
sulting isotopic enrichments, S, of the diffused H2s*
C: C of H S in millimoles/100 moles of solvent
x 0 2
Co 0.1: 2.0
0.01 : Q = 0.456 gm. Q = 9.13 gm.
S = 2.87% S = 2.87%
0.1 : Q = 0.415 gm. Q = 8.30 gme
S = 2.61% S = 2.61%
0.5 : Q-=0.230 gm. Q = 4.61 gm.
S = l.45% S = l.45%
0.8 Q = 0.092 gm. Q = 1.84 gm.
S = 0.58%: S = 0.58%
Liquid diffusion is theoretically capable of producing
isotopic fractionation in moderately large quantities of naturally
occurring sulfur compounds. In most geological systems, however,
other processes, such as mass transport of material by the flow
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of interstitial pore fluid, chemical reaction with the rock, or
complexing of simple ions in solution, might completely obliter-
ate the effects of concurrent diffusion. Perhaps only in small
systems, such as unfractured blocks of limestone within a generally
fractured zone through which flow takes place, will the effects
of diffusion be important.
Isotopic Fractionation in Nature
The principal chemical reactions known to produce isotopic
fractionation of sulfur in nature are oxidation-reduction re-
actions either in volcanic environments or associated with bio-
chemical processes.
In volcanic environments the reactants or products of
oxidation-reduction reactions may include sulfates, sulfite,
sulfur dioxide, elemental sulfur, hydrogen sulfide, and metal
sulfides. These compounds may be in solution in volcanic emana-
tions or they may occur in mineral form inside or outside a
volcanic vent. (e.g. see Sakai, 1957; Sakai and Nagasawa, 1958;
Rafter et al., 1958b). Differences in isotopic composition be-
tween contemporaneous sulfides and sulfates in some hydrothermal
mineral deposits (Sakai, 1957; Jensen, 1959; Ault and Kulp, 1960;
and Gavelin et al., 1960) indicate that fractionation takes place
by means of the isotopic exchange reaction
32 2- 34, 3402- 32S 04 + H S 4 . S 3 0 + H S (8)4 2 4 2
in some hydrothermal solutions. Similar enrichment factors for
numerous sulfide-sulfate pairs within a deposit suggest that
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equilibrium was approached, if not attained, in the above isotopic
exchange reaction (Gavelin et al., 1960). Neither surface oxida-
tion of sulfide minerals (Ault and Kulp, 1960) nor supergene
sulfide enrichment (Dechow, 1960; Gavelin et al, 1960) appear
to cause significant isotopic fractionation.
The reduction of sulfate to H2S by anaerobic bacteria is
one of the principal processes by which fractionation of sulfur
isotopes takes place. The isotopic exchange produced by this
reaction is expressed by Eq. (8). The theoretical enrichment
associated with this reaction at 25 0 C is almost 7 per cent
(Sakai 1957). The maximum enrichment found in nature and produced
in the laboratory for this reaction is about 3 per cent,
(Macnamara and Thode, 1951; Harrison and Thode, 1957). One reason
for this discrepancy is probably that the biological process of
reducing sulfate to H2S involves several intermediate reactions
and the overall fractionation depends largely on the fractiona-
tion factor for one of these intermediate reactions. This inter-
pretation is suggested by the work of Harrison and Thode (1957)
which has already been described in the section on biological
processes of fractionation.
Oxidation by aerobic bacteria of H2S formed by anaerobic
bacterial reduction of sulfate or decay of organic matter undoubtedly
causes some isotopic fractionation (Macnamara and Thode, 1951).
No authenticated examples of isotopic fractionation caused
by diffusion are known in nature. Silverman (1951) attributed a
consistent trend in 0 o18 16 ratios across a gradational contact
between granophyre and gabbro to diffusion during assimilation
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of the gabbro by the granophyre. According to Ault and Kulp
(1960) the geological interpretation of this occurrence is in
doubt. Hoering and Moore (1958) found a regular trend in the
N 15/N4 ratios of natural gas from the White Oak Gas Field,
Arkansas, with respect to position in the field. They believe
this trend indicates a fractionation of nitrogen during passage
of the natural gas through porous structures. They suggest the
mechanism of the isotopic fractionation to be either effusive
flow, which is similar to diffusion, or interaction at surfaces
by adsorption. The variations in sulfur isotope abundances in
H2S and sulfate in some Ontario water wells were initially inter-
preted by Thode et al. (1949) as due to diffusion. However, in
the light of more recent work, these variations were reinter-
preted by Thode et al. (1954) as due to bacterial fractionation.
Jensen (1959) reported on three sulfide samples collected 10, 15,
and 100 feet away from a post-ore dike at Butte, Montana. Heat
from the dike caused pyrite and chalcocite near the dike to react
to form chalcopyrite and bornite. This reaction involves a loss of
sulfur. Heat from the dike would provide energy for diffusion of
the sulfur released by the reaction. Jensen reported no isotopic
fractionation among these samples, however, Ames (personal com-
munication) has since reanalyzed these samples and has found a
slight progressive increase in S3 2 away from the dike.
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CHAPTER III
SULFUR ISOTOPE ABUNDANCES IN NATURE
Introduction
Abundances of S32 and S34 are commonly reported in two
ways: (1) as the ratio S32 AS3 relative to Canyon Diablo
troilite and (2) the difference in per mil between the S34 /32
ratio of the sample and the S34 s32 ratio of Canyon Diablo troil-
ite. This value is designated by the symbol 6S34. The relation
between the S32/34 ratio and the 6S34 value is given by
(S34/S32) _(3/32)
6S34 = sample (S34/S standard x 1000
(S34 is 3 2 ) standard
A positive value for 6S34 indicates the sample is enriched in
S3 relative to Canyon Diablo troilite.
Figure 3 summarizes the sulfur isotopic data published to
April, 1962. The range of 6S34 values in nature is from +65.7
per mil for sulfate in salt dome cap rock to -48.8 per mil for
sedimentary sulfide in shale. This is an 11.5 per cent varia-
tion.
Sulfur isotopic abundances for the various geological en-
vironments listed in Fig. 3 are discussed below. The isotopic
composition of meteoritic troilite and sulfides in mafic and
silicic igneous rocks are the most pertinent to the present in-
vestigation.
Studies related to the problems concerning this investiga-
tion have been made by Thode and co-workers (Thode et al., 1961),
who measured isotopic abundances in several differentiated mafic
per mil
0 10 20 30 40 50
hydrothermal sulfates
evaporite sulfates
sea water sulfates
volcanic sulfate
volcanic sulfur dioxide
volcanic hydrogen sulfide
volcanic sulfur
sulfides from silicic plutons.
sulfides from mafic igneous rocks
meteoritic troilite
sedimentary
sulfides
21.00
A
A
A
..
mean value relative to
standard $32/S34 22.220.
A mean value after Tupper
(1960); not recalculated.
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Fig. 3 Isotopic composition of sulfuv in nature.
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intrusives, and by Ault (Ault, 1959; Ault and Kulp, 1960), who
attempted an isotopic material balance for crustal sulfur.
Various authors, including Macnamara et al. (1952) and Vino-
gradov et al. (1956), have briefly referred to the plausibility
of magmatic crystallization causing isotopic fractionation of
sulfur.
Meteorites
Several laboratories have found little variation in sul-
fur isotopic abundances in meteorites. Results of these in-
vestigations are given in Table 2. The spread in per mil for
each investigation is also given.
The most thorough study has been made by Thode et al.
(1961). The precision of their work is such that the spread
in 6S34 that they obtained appears to be real. They conclude
that variations between meteorites exist, but only by about
+ 0.2 per mil. Thode et al. also analyzed troilite from dif-
ferent parts of the Bella Roca meteorite and found no signi-
ficant variation.
The primary standard used by most laboratories is the troi-
lite (FeS) phase of the Canyon Diablo meteorite from Arizona.
Although the measurement of the isotopic abundance of one sample
relative to another sample can be done quite accurately, it is
difficult to measure accurately the absolute isotopic abundance
of a sample. For this reason the value assigned to the primary
standard is, to a certain degree, arbitrary.
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Table 2
Isotopic Comp;osition of Sulfur in Meteorites
Name and Location : Type : S32 334 : /32 34: 34* Reference
reported
Canyon Diablo, Arizona
"t if i
Waterville
Duchesne, Utah
to "o
El Toba, Argentina
Beenham, New Mexico
Vengerovo, U.S.S.R.
Yelenovka, "
2hovtnyevy Kauter,
Kunashak (grey)
Kunashak (black)
Nikolskoye
Orlovka
Okhansk
Pervomaiski
Posiolok
Staroye Pesyanoye
Mean
22.08
21.93
21.93
22.03
21.99~
Range 7 per mil
Siderite 22.21 0.01
it 22.22 "
22.21 "
22.21 "
"I 22.20 "
"t 22.23 "
22.24 "
22.22 "
Aerolite 22.20 "
MAn 22.22
22.22 0.0
22.23 -0.5
22.22 0.0
22.22 0.0
22.21 +0.5
22.24 -0.9
22.25 -1.4
22.23 -0.5
22.21 tO.5
22.23 -0.3
1.9 per mil
22. 20t
Mean 22.20
Range 0.0 per mil
Xiquipilco, Mexico
Toluca, Mexico
Richland, Texas
Odessa, Texas
Canyon Dieblo, Arizona
iderite
i
it
t
"f
22.20
22.21
22.23
22.18
22.21
Mean 22.21
22.21 +0.5
22.22 0.0
22.24 -0..9
22.19 +1.3
22.22 0.0
22.22 +0.2
Range 2.2 per mil
Range
Stone
U.S.S.R."
it I
"f i
"f "
"f "
"f "
"f "
Table 2 continued
Name and Location : Ty-ne : :3234 S32 34* 4 :Reference
reported
Bella Rocca, Mexico Iron 22.230 22.227 -0.3 5
Bear Creek, Colorado 22.228 22.225 -0.2 5
Cambria, New York " 22.223 22.220 0.0 5
yoe Wright Mtn., Arkansas " 22.223 22.220 0.0 5
Duchesne, Utah " 22.221 22.218 +0.1 5
Wichita, Texas " 22.227 22.224 -0.2 5
Canyon Diablo, Arizona 22.220 22.217 +0.1 5
Campas, Mexico 22.227 22.224 -0.2 5
Brenham Co., Kansas Siderolite 22.232 22.229 -0.4 5
Indarch, U.S.S.R. Carbonaceous
Chondrite 22.227 22.224 -0.2 5
Hugoton, Kansas Brecciated
Chondrite 22.222 22.219 0.0 5
Gladstone, New Mexico Veined
Chondrite 22.222 22.219 0.0 5
Alamagordo, New Mexico Black
Chondrite 22.229 22.226 -0.3 5
Waterville, Washington Pallisite 22.223 22.220 0.0 5
Mt. Sterling, Australia Aerolite 22.229 22.226 -0.3 5
liquipilco, Mexico Iron 22.229 22.226 -0.3 5
Monahans, Texas Iron 22.221 22.218 -+0.1 5
Mean 22.225 22.222 -0.1
Range 0.5 per mil
t Recalculation gives a S 32/S 34 ratio of 22.29 for the meteori s
analyzed in the Russian laboratory as compared to an average S /S
ratio of about 22.22 for meteorites analyzed in other laboratories. The
discrepancy is probably due to an instrumental error in the Russian data.
Rather than arbitrarily adjusting the Russian data to correlate with the
results of other laboratories, it has been left uncorrected. Since the
same error is possibly present in the Russian data quoted in Tables 3,5
and 6,it is also left uncorrected and is not included in the averages
for those Tables.
References: (1) Trofimov (1949); Vinogradov (1957) infers that these
data should be corrected for instrumental error. (2) Macnamara and
Thode (1950). (3) Vinogradov (1957). (4) Ault and Kulp (1959).
(5) Thode et al. (1961); instrumental precision 0.01 per cent.
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The initial primary standard used by Thode and co-workers
(Thode et al., 1949) in their pioneering investigations was
a sample of pyrite from Park City, Utah, to which an S
ratio of 22.120 was assigned. Macnamara and Thode (1950) re-
ported the S32 A 34 ratio of Canyon Diablo troilite to be
22.21 relative to their Park City pyrite standard. Thode et
al. (1961) reported a careful remeasurement of the S32/S34
ratio of Canyon Diablo troilite to give 22.220. They also
found the average S32/S34 ratio of troilite from 12 meteorites
to le 22.225 (Table 2). There is some merit in assigning the
average isotopic abundance of meteoritic troilite to the primary
standard, but in view of the slight variations in meteoritic
troilite that Thode et al. (1961) appear to have found, more can
be said for arbitrarily assigning an S32,s34 ratio of 22.220 to
the primary standard. In accordance with the conclusions arrived
at by the participants of the Yale University Symposium on the
Biogeochemistry of Sulfur Isotopes (1962) the ratio S32 /S34 for
the primary standard is assumed for this study to be 22.220.
Unless otherwise indicated the isotopic abundances quoted in
this paper have been recalculated to this standard, as signified
by an asterisk.
The small differences in average S /S ratios shown in
Table 2 are in part due to the assumption by the different
laboratories of slightly different ratios for the primary stand-
ard. Allowing for this it is apparent that there are no significant
differences in sulfur isotopic abundance among different types of
meteorites, although small differences may exist between indivi-
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dual meteorites.
Most of the data shown in Table 2 were obtained from
troilite, although Thode et al. (1961) obtained their data on
stone meteorites from pulverized whole rock samples. There is
no published data on the S3 2/S34 ratios of meteoritic oldhamite
(Ca,Mn)S, daubreelite, FeCr2S4 or sulfate sulfur.
Mafic Igneous Rocks
Table 3 summarizes the data available on the S32 /34
ratios of sulfides from mafic igneous rocks. Added to these
data should be the results of studies by Thode and Dunford
(sited by Thode et al., 1961) on the Sudbury, Ontario and
Stillwater, Montana intrusives. It was found that sulfides
in the basal zones of these differentiated intrusives have a
6S34 value of about zero per mil. However, sulfides in the as-
sociated norite and micropegmatite zones show a steady increase
in S34 content from the basic to the acidic rocks. The micro-
pegmatite zones have a 6S34 value of +6 per mil. Shima, Gross,
and Thode (sited by Thode et al., 1961) found that in the dif-
ferentiated Insizwa sill in South Africa sulfur istopic abundances
varied proportionately with the acidity of the rock. The basal
contact showed a 6S34 value of -2.6 per mil and the top of the
gabbro zone, stratigraphically 4,000 feet higher, showed a
6S34 value of +3.6 per mil.
The similarity that appeared in early data between the
isotopic composition of sulfur in meteorites and in mafic igneous
rocks prompted Macnamara and Thode (1950) to propose that the sul-
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Table 3
Isotopic Composition of Sulfur in Mafic Igneous Rocks
Specimen Number and Description
reorted 3Reference :Snec
1. Pyrite disseminated through coarse-grained gabbro, Bathurst, N.B.,
Canada.
22.11 22.16 42.6 6 41
2. Pyrite disseminated through coarse-grained gabbro, Bathurst, N.B.,
Canada.
22.15 22.21 40.6 6 43
3. Pyrite: massive and 1 m.m. cubic crystals among pyroxene crystals
up to 2 cm. long; near top of Palisades sill, N.T.
22.05 22.06 +-7.2 4 ims 6
4. Bornite and covellite: irregular veinlike occurence in Triassic
diabase, Virginia.
22.21 22.22 0.0 4 IMS 9
5. Pyrite, pyrrhotite and chalcopyrite in isolated blebs and stringers
in Purcell gabbroic sill.
22.26 22.27 -2.3 4 EfPS 10
6. Chalcopyrite and pyrite as angular masses up to several m.m.
diameter disseminated in Duluth gabbro.
22.02 22.03 +8.6 4 ERS 11
7. Chalcopyrite and pyrite in masses up to several m.m., Duluth gabbro.
22.15 22.16 +2.7 4 MR 12
8. Chalcopyrite: massive (up to 3 cm.) in coarse plagioclase gabbro,
Duluth gabbro.
22.03 22.04 +8.2 4 HRS 13
9. Pyrite disseminated in olivine-pyroxene rock, Cortland N.Y.
22.11 22.12 +4.5 4 HP 57
10. Pyrite from gabbro, Six Mile Creek, Montana.
22.11 22.12 44.5 4 EP 43
11. Pyrrohotite in structureless mineralized zones, comprising 25-30
per cent pyrrhotite in a peridotite matrix, contained in a small
lenticular intrusion, Union, Me.
22.23 22.24 -0.9 7 HPr 5
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Table 3 continued
Specimen Number and Description
repoted /3234 4 34 Reference : Sre No.
12. Pyrrhotite: magmatic segregation in peridotite, Marie Pond, Me.
22.22 22.23 -0.5 7 BPr 13
13. Sulfides from diabase
22.21 22.22 0.0 8
14. Sulfides, Norilsk gabbro diabase, average of 13 specimens
22.12+ 3
15. Sulfides, Aldan, pyroxenite
22.200 3
16. Sulfides, Raiiz, dunite
22.20* 3
Mean S34 excluding
specimens 3, 6, 7, 8 and 11 +1.2
see footnote, Table 2.
References: (3) Vinogradov (1957), (4) Ault and Kulp (1959), (5) Thode
et al. (1961), (6) Tupper (1960), (7) Kulp et al. (1956), (8) Macenmara
et al. (1952).
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fur isotopic abundance of the earth at the time of its formation
was the same as that of meteorites and the presently observed
variation has been caused by geochemical processes acting since
the earth was formed.
Several specimens in Table 3 are worthy of comment. Speci-
men 3, which is pyrite from the upper part of the Palisades sill,
was possibly collected from one of the pegmatitic diabase
schlieren described by Walker (1940). This is suggested by the
coarse-grained nature of the specimen coupled with its location
in the upper part of the sill. In addition, the 6S 34 value
of specimen 3 is about +7 per mil higher than the 6S34 value
found to be typical of the Palisades sill by this investigation.
For these reasons specimen 3 should not be considered as rep-
resentative of the isotopic composition of sulfur in the Pali-
sades sill. Similarly, the description of specimen 8, from
the Duluth Gabbro, suggests that it was collected from coarser
than normal gabbro. The isotopic composition of sulfides
from coarse-grained phases of several diabase bodies sampled for
this study was found to be significantly different from the
isotopic composition of sulfides from normal portions of the
diabase. The texture of the silicates in specimens 6 and 7, also
from the Duluth Gabbro, is not mentioned, but the size of the
sulfide grains certainly is not typical for normal gabbro in the
Duluth body. For the same reason specimen 11 cannot be consider-
ed as a normal mafic rock. Accordingly, specimens 3, 6, 7, 8
and 11 are omitted from the average per mil value for Table 3.
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Ault and Kulp (1959) obtained an average S32/334 ratio of
22.16 (22.17 , or +2.4 per mil) for mafic rocks. They in-
cluded specimens 3, 6, 7, 8 and 11 in their average, as well
as the magmatic sulfide deposits associated with mafic ig-
neous rocks, listed here in Table 4. They give the mean
S/s 34ratio for large intrusive bodies such as the Duluth
Gabbro, Sudbury Norite and Norilsk Gabbro as 22.12 (22.13 ,
or +4.2 per mil). The special significance of large bodies
such as these is that contamination with sulfur obtained by
assimilation of sialic crustal rocks would have less effect on
the isotopic composition of sulfur originally in the magma than
it would for smaller bodies.
The most likely source of magma for large mafic bodies,
such as those listed in Table 3, is in the upper mantle.
Theoretical considerations (Tiidge and Thode, 1950; Sakai, 1957)
indicate that isotopic fractionation of sulfur by chemical
processes acting at magmatic temperatures should be small. For
these reasons Ault and Kulp (1959) sited the mean S3 2/S34 ratio
for large mafic intrusives, 22.13 , as evidence that the in-
itial sulfur isotopic abundance of the earth was not equal to
that of meteorites, as proposed by Macnamara and Thode (1950),
but was close to 22.13*.
The average of the magmatic sulfides listed in Table 4
is +2.9 per mil greater than the average of sulfides from mafic
rock listed in Table 3. This suggests that the process of sul-
fide accumulation associated with the crystallization of some
mafic magmas causes a slight enrichment of S34 in the accumulated
Chalcopyrite "ore", Stillwater
Complex, Montana
Pyrrhotite "ore", ti1llwater
Complex, Montana
SulfideI, norite, Stillwater
Coriplex, MIontana
"ulfide from hydrothermal vein
in Nipissing Diebase, Heela
Mine, Cobalt, Ontario
$ulfide, Nipissing Diabase,
Hecl Mine, Cobalt, Ontario
Pyrrhotite, chalcopyrite end
pyrite from various ore bodies;
average of 12; range 22.08 to
22*14
Sulfide from norite, Sudbury,
Ontario
Pyrite, Middle Hill, Cornwall,
Pa., Specimen E.P 60
Pyrite with hematite in shale,
Cornwall, Pa., Specimen BP 61
Chalcopyrite with pyrite of
HP 61 Specimen HCp 34
Pyrite in magnetite, Big Hill,
Cornwall Pa., Specimen EP 62
Chalcopyrite, massive from
shear zone in Logan diabase
sill, Minn.
22.21
22.17
22.08
22.14
22.18
22. 11
22.17
22019
21.98
22.02
21.99
22.15
References: (4) Ault and Kulp (1959), (8)
(12) Jensen (1959).
22.22
22.38
22.09
22.15
22.19
22.12
22.18
22.20
21.99
22.03
22.00
0.0
41.8
+5* 9
+1.3
+4.5
+1.8
+0.9
+10.4
+10.0
22.20 +0.7
Mean +4.1
Macnemara et al. (1952),
3pecir.men Descrittion : S~/" s/S" : :efr'n6- ~~~~repoirted .#) :eeec
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Table 4
Isotopic Comosition of Sulfur in Iegmatic Sulfide
Deposits Associated with 1afic Igneos Rocks
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sulfide.
Sulfides from extrusive bodies sampled for this study have
a different isotopic composition than sulfides from the in-
trusive equivalents. For this reason basalts formerly grouped
with mafic igneous rocks have been listed separately in Table 5.
The specimens from the Keweenawan flows have 6S34 values similar
34to the 6S values of the extrusives sampled for this study.
In view of the small number of samples of mafic igneous
rocks, and more especially because of the large uncertainty
concerning the degree to which these samples are representative
of the body from which they were collected, the average S32 34
ratios for mafic rocks given by Ault and Kulp (1959) and the
34average 6S value given in Table 3 are somewhat suspect.
Silicic Plutons
For the purpose of this work silicic plutons and small
bodies of silicic differentiates associated with large mafic
bodies, for example as in some large diabase sills, are con-
sidered separately. The data on sulfur isotopic abundances in
silicic plutons is meager. It is summarized in Table 6.
From the data in Table 6, with the exception of specimens
1 and 2, which were not available to them, Ault and Kulp (1959)
calculated an average S32/S34 ratio of 22.13 (22.14* or +3.7"
per mil) for silicic plutons.
If the isotopic composition of mantle sulfur has not changed
with time, the average isotopic composition of crustal sulfur
should equal that of mantle sulfur. As a corollary of the hypo-
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Table 5
Isotopic Composition of Sulfur in Sulfides
Associated with Basalts
s321S34 . 3234* 34*ReferenceSpecimen Description reported&Rernc
Sulfides, Kamchatka basalt
Average of two basalts
Chalcocite filling zones of
fracture in Keweenawan basalt
flows and conglomerate
Specimen BCh 2
Chalcocite: same as previous
specimen. Specimen HCh 3
fiSee footnote, Table 2
22.16+
22.178t
22.36
22.26
References: (3) Vinogradov (1957), (4) Ault
(11) Vinogradov (1958).
22.37 -6.7
22.27 -2.3
and Kulp (1959),
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Table 6
Isotopic Composition of Sulfur in Sulfides
from Silicic Plutons
Specimen Description : d2/s34 234 34* :Reference
reported
1. Pyrite disseminated through
pink porphyritic granite,
Bathurst, N.B., Canada.
Specimen 51 22.21 22.27 -2.3 6
2. Pyrite disseminated through
medium-grained gray biotite
granite, Bathurst, N.B.,
Canada. Specimen 52 22.13 22.18 +1.6 6
3. Pyrite from diorite, Boulder,
Montana. Specimen Bp 42 22.15 22.16 +2.7 4
4. Pyrite from quartz monzonite,
Boulder, Montana. Specimen
BP 45 22.09 22.10 +5.4 4
5. Pyrite from monzonite, Boulder,
Montana. Specimen BP 46 22.09 22.10 - 5.4 4
6. Pyrite in phonolite, Devil's
Tower, Wyoming. Specimen HP 44 22.14 22.15 +3.2 4
7. Sulfides in syenite, Otto
Twp., Ont. 22.16 22.17 2.2 10
8. Pyrite in syenite,Adirondacks.
Specimen HP 47 21.99 22.00 +10.0 4
9. Pyrite disseminated in grano-
diorite, Urjala, Finland.
Specimen BP 41 22.24 22.25 -1.4 4
10. Granite, U.S.S.R., average of 2178+
two 2
Mean +3.0
t See footnote, Table 2
References: (4) Ault and Kulp (1959), (6) Tupper (1960), (11) Vinogradov
(1958), (10) Thode et al. (1949).
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thesis that magmas from which silicic plutons form are derived
largely from crustal material, Ault and Kulp (1959) concluded
that if the volume of crustal material involved in syntexis
were large enough and if homogenization of sulfur isotopes
within the resulting magma were complete, the s32/s34 ratio of
large silicic plutons should approximate the initial sulfur
isotopic abundance of the earth. They sited the average S /S
ratio of 22.14* for silicic plutons as further evidence that the
initial S32 /S34 ratio of the earth was not equal to that of
meteorites. The value 22.14 agrees well with the S32/S34
* *
ratios of 22.13 and 22.17 that they obtained for large mafic
bodies and for all mafic bodies respectively. It does not agree
34 Jquite as well with the average 6S value of +1.2 per mil for
mafic rocks given in Table 3. Evidence from strontium isoiopic
studies (Hurley et al., in press) is accumulating that suggests
that magmas from which silicic plutons form are chiefly derived
from the upper mantle rather than from crustal material. If
such is the case the above stipulation regarding the involve-
ment of a large volume of crustal material and homogenization
during syntexis is unnecessary.
Once again the scarcity of data and the uncertain extent
to which the specimens are representative of the body from which
they were collected necessitate that the average S3 2 s34 ratios
for silicic plutons given by Ault and Kulp (1959) and in Table 6
be considered as approximate and tentative.
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Volcanic Areas
Sakai (1957), Sakai and Nagasawa (1958), Rafter et al.
(1958a; 1958b), and Ault and Kulp (1959) have done sulfur iso-
topic studies on volcanic areas.
The range of the S32 S34 ratios in volcanic sulfate,
SO2, H 2S, and native sulfur is shown in Fig. 3. Relative to
meteoritic sulfur, sulfate is enriched in S3, H2S and SO2 have
about the same S34 content, and native sulfur is slightly im-
34 34
poverished in S . Reversals in this order of relative S con
tent have been observed, but they are uncommon.
Sakai and Nagasawa (1958) found fairly good agreement be-
tween measured fumarolic temperature and temperatures computed
from S 32/S34 ratios in SO2 and H2S on the basis of the theore-3 4
t c a 1 fr a t ion a t o f c t o f r t e i o t 
p eb e x chan g e th e a th o r e -
H2S32 + S3 4 0 H S + S32022 2 2 2
As explained in Chapter II, fractionation factors for isotope
exchange reactions are temperature dependent. Sakai and Nagasawa
also found that the SO2 content of fumarolic discharge also
varied with the measured temperature of the discharge. In this
connection they point out that in a closed system consisting of
H2S, so2, H20, and H2 the molecular ratio of SO2 to H2S will vary
directly with temperature and indirectly with pressure.
In a report on sulfur isotopic measurements on the discharge
from fumaroles on White Island, New Zealand, Rafter et al.
(1958b) discussed the extreme difficulties involved in obtain-
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ing sulfur isotopic abundance data for specific sulfur compounds
in the gas and liquid phases of fumarolic discharges. It was
found that even when initial chemical treatment was done in the
field immediately after collection of the discharge, chemical
reactions between sulfur compounds in the discharge at the
mouth of the vent and during condensation within the collecting
apparatus made it impossible to separate quantitatively the
sulfur compounds that were originally present in the discharge.
In addition, air admitted during collection will cause the oxida-.
tion of H2so3 to H2So4 and of H2S to sulfur.
Sulfur present in the discharge samples as sulfate, sulfite,
SO2, H2 Sand polythionates was extracted quantitatively. Its
isotopic composition was found to be about 10 per mil higher
than the isotopic composition of free sulfur that was also
quantitatively extracted from the samples. The weighted average
of the sulfur isotopic compositions of these two types of sul-
fur was almost identical to the isotopic composition of meteor-
itic sulfur.
Rafter et al. (1958a) investigated the discharges from
geothermal bore holes in New Zealand. The discharges consisted
of steam and water. The steam resulted from "flashing" of the
underground waters tapped by the bore holes i.e., underground
there was only one phase: water. In the vapor phase sulfur
was present as H2S, while in the water phase it was present
mostly as sulfate, although minor H2S was also present. The
isotopic composition of sulfur from the H2S in both phases was the
same. It was enriched in S by 17 per mil relative to the sul-
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fate sulfur in the water phase. The average sulfur in the total
discharge was impoverished in S32 relative to meteoritic sul-
fur, and its isotopic composition varied considerably among
the bore holes. In addition, the gas content of the dis-
charge varied among the bore holes. On the assumption that
the average sulfur in the discharges should approximate the
isotopic composition of meteoritic sulfur Rafter et al. con-
cluded that the underground waters became depleted in S32 by
the loss of S32 enriched vapor. There are other possibilities
to account for the above observations, but it is worthwhile
noting that such a process is quite feasible.
Hydrothermal Sulfides
In Fig. 4 hydrothermal deposits are grouped as either
magmatic hydrothermal, metamorphic hydrothermal or ground water
32134hydrothermal deposits (Jensen, 1959) and the S /S ratios of
their sulfides listed accordingly.
The narrow spread displayed by the magmatic hydrothermal
sulfides both for most individual deposits and for the group as
a whole is striking compared to the much wider spread for other
types of hydrothermal sulfides. Also significant is that by and
large magmatic hydrothermal sulfides differ little from meteo-
ritic sulfur in isotopic composition. The characteristic homo-
geniety of the isotopic composition of sulfides in individual
magmatic hydrothermal deposits indicates a similar homogeniety
of the sulfur source of each deposit. It also indicates little
isotopic fractionation of sulfur during the processes of extrac-
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MAGMATIC HYDROTHRMAL DEMOSITS
Ellenvi lie-S chwangunk
Buchans, Newfoundland
Sudbury, Ontario
Outokumpu, Finland
Leadville-Gilman, Colorado
Santa Rita, New Mexico
Butte, Montana
Cerro de Pasco, Peru
Southwest United States
La Prieta, Parral, Chihuahua
Massive sulfide deposits,
Bathurst, New Brunswick
Fissure deposits, 
__
Bathurst, New Brunswick
M&TAORPHIC HYDROTH:RtL DEPOSITS
Southeast
Missouri
Ivigtut, Greenland
Stirling Hill,
Franklin, N.J.
Mississippi Valley
Kennecott, Alaska
Joplin, Missouri
GROUND WATER HYDROTHRL DEPOSITS
Sulfides in sandstone-type
uranium deposits
Bristol, Connecticut
+ s34 per mil -
40 30 20 10 10 ? O 3P
21.00 .2 .4 .6 .8 22.00 .2 .4 .6 .8 23.00
s32/s 34
Fig. 4 Isotopic composition of sulfur in hydrothermal sulfide deposits.
After Tupper (1960). Data not recalculated to standard of 22.220
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tion from the source, transportation, and deposition. The fact
that most magmatic hydrothermal deposits fall within a narrow
range suggests that most, although not all, magmatic hydrother-
mal deposits derive their sulfur from sources which differ
little in isotopic composition of sulfur. The general similarity
in isotopic composition between magmatic hydrothermal and
meteoritic sulfur further suggests that the magmatic hydro-
thermal sulfur has not passed through a sedimentary cycle,
which characteristically causes large isotopic fractionation.
A less favored interpretation would be that it has been derived
from a sufficiently large volume of isotopically variable
crustal material such that subsequent homogenization has produced
sulfur with the average isotopic composition of the crust.
These interpretations are based on the hypotheses that mantle
sulfur has approximately the same isotopic composition as
meteoritic sulfur and that the average isotopic composition
of crustal sulfur is the same as mantle sulfur.
On the other hand, the wide range of S32/S34 ratios found
within individual deposits of the metamorphic and groundwater
hydrothermal type (i.e., those deposits with no apparent genetic
association with the emplacement of an igneous body) is indicative
of either an isotopically inhomogeneous sulfur source or large
and variable isotopic fractionation of sulfur derived from an
isotopically homogeneous source. In either case the isotopic
inhomogeniety may be due to isotopic fractionation by bacteria
(see Ch. 11).
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Hydrothermal Sulfates
Sakai (1957), Ault and Kulp (1959), and Gavelin et al. (1930)
have determined the isotopic composition of sulfur in associ-
ated sulfide and sulfate minerals in hydrothermal deposits. The
sulfate sulfur in such pairs is characteristically enriched in
S34 relative to the sulfide sulfur. Barring isotopic fraction-
ation due to the process of crystal formation, for which there
is little evidence, the relative S3 2/ 34 ratios of contempor-
aneous sulfide-sulfate pairs depend upon the temperature
and the degree to which isotopic equilibrium exists during de-
position (see Chapter II).
In the Asen deposit in the Skellefte District, Sweden,
Gavelin et al. (1960) found 6S34 values for sulfides to rangs
from +8.4 per mil to -14.8 per mil and 6S34 values for sulfates
to range from +10.7 per mil to -2.1 per mil. In spite of these
fairly large ranges, associated sulfide-sulfate mineral pairs
showed an almost constant relationship between their 6S34 values,
regardless of whether the 6S34 values were high or low. Five
sulfide-sulfate pairs showed fractionation factors ranging from
1.011 to 1.014. Gavelin et al. attributed the wide ranges for
sulfides and sulfates to isotopic fractionation caused by
isotopic exchange between coexisting sulfide and sulfate in the
mineralizing solutions. The isotopic exchange reactions developed
differently in various parts of the deposit, but in each part ap-
proximate equilibrium was attained as indicated by the consist-
ent fractionation factors.
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Sea Water
It is well established that the isotopic composition of
sulfate sulfur is exceedingly constant from one ocean to another.
Ault and Kulp (1959) found the 6S34 values of sulfate in twenty-
five sea water samples collected at different depths from nine
areas throughout the world to range from +18.9 (+19.5"*) per
mil to +20.7 (+21.3*) per mil, and to average +20.02 (+20.6*)
per mil. Thode et al. (1961) found the 6S34 value of sea water
sulfate to range from +19.3 to +20.8 per mil, and to average
+20.1 + 0.3 per mil. These results were obtained from over
fourty samples representing depth profiles at sixteen locali-
ties in the Atlantic, Pacific, and Arctic Oceans. No cor-
relation was found between 6S34 values and depth. The above
results and numerous other determinations of the S32/S34
ratio in sea water are summarized in Fig. 3.
There is little data to indicate the sulfur isotope dis-
tribution in fresh water systems or the average 6S4 value
of sulfur fed to the oceans by rivers. Thode et al. (1961)
gave a 6S34 value of +10 per mil for one sample of fresh water
from Lake Erie, Ontario, and +19 per mil for water from Saanich
Inlet, British Columbia. Sakai (1957) gave a 6S34 value of
+14 per mil for Tokyo Bay. The latter two localities are fresh
water discharge areas where river and sea water mix. It appears
that fresh water sulfate does not contain as much S34 as sea
water sulfate. Isotopic fractionation involving large quanti-
ties of sulfur must therefore occur within the oceans.
L
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Evaoriesand Limestones
Considering the constancy of 6S34 values in present day
sea water sulfate, the range of 6S34 values in evaporite de-
posits is rather large (Fig. 3).
Ault and Kulp (1959) and Thode et al. (1961) both report
practically no isotopic fractionation during the deposition
of currently forming gypsum in evaporite basins connected to
the ocean. More data is required to determine the generality
of these observations. Nevertheless, it appears that the range
of 6S34 values among evaporites is due to fluctuations of the
isotopic composition of sea water sulfate with time or else to
processes that have been active within some evaporite basins
causing abnormal fractionation. Harrison and Thode (1958b)
have found evidence for the latter.
The spread and local variations of the 6S34 values in
gypsum from limestones is attributed to either post depositional
isotopic fractionation by bacteria or the formation of the gypsum
by post diagenetic oxidation of original sulfide (Ault and Kulp,
1959).
Post depositional attack by sulfate reducing bacteria on
anhydrite associated with Gulf Coast salt domes, resulting in
sulfate greatly enriched in S34 , is the cause of the large range
shown in Fig. 3 for these deposits (Feely and Kulp, 1957).
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Sedientry ulf ides
The wide range in isotopic composition of sedimentary
sulfides (Fig. 3) reflects an environmental control on the
ability of bacteria to fractionate sulfur isotopes. Harrison
and Thode (1958) have shown that the isotope effect in bacter-
ial reduction of sulfate is dependent on the overall rate of
sulfate reduction, i.e., on the rate of metabolism. This rate
is dependent upon temperature, concentration of sulfate, and
rate of growth of the bacteria population. Within a given
habitat these factors can vary considerably from one spot to
another and with time. Local diversity of isotopic composi-
tion of sedimentary sulfides is therefore not surprising.
The great impoverishment of average sedimentary sulfide
34in S is a significant factor in regard to the postulated role
of sulfate reducing bacteria in the isotopic geochemistry of
sulfur.
Average Isotopic Composition of Crustal Sulfur
On the basis of data available in 1959 Ault and Kulp (1959)
attempted an isotope material balance of crustal sulfur. They
32 34
calculated the average S /S ratio of crustal sulfur to be
22.13 (22.14 or +3.6 per mil). Ault and Kulp offered this re-
sult as a third line of evidence that the original isotopic ab-
undance of sulfur in the earth was not the same as for meteorites.
Two possible sources of error in this estimate are the uncertain-
ties connected with the quantities of various rock types in the
crust and the true average isotopic composition of the sulfur con-
L
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tained in these rock types. On the basis of new isotopic
data Field (1960) revised Ault and Kulp's estimate of the
overall S321 i 34 ratio of the crust from 22.13 to 22.18
(22.19* or +1.4* per mil).
The Geochemical Cycle of Sulfur and Isotopic Fractionation
It is probable that during the high temperature stage
of the earth's evolution any variations in the isotopic com-
position of sulfur that existed previous to this stage were
eliminated. Since then the isotopic composition of mantle
sulfur has remained unchanged. The geochemical cycle of
sulfur with respect to isotopic fractionation operates with-
in the crust, mostly in its upper portion. Of the various
processes operative within the crust that are theoretically
capable of producing fractionation of sulfur isotopes it ap-
pears that biological processes are most effective Chemical
processes produce some fractionation and physical processes
cause little, if any fractionation.
Sulfur enters the crust through magmatic additions from
the mantle. Most of the sulfur leaves this initial mag-
matic stage by fixation in sulfide or sulfate minerals, as
native sulfur, or as additions of H S, SO2, and sulfates
to the oceans, ground water, or atmosphere. Of these various
forms only the sulfates contain sulfur which is isotopically
much different from mantle sulfur. They are enriched in S
Since very little magmatic sulfur occurs as sulfate the im-
poverishment of the remaining sulfur in SA is slight. Event-
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ually the sulfur finds its way to the oceans, although some
of it may be detained in environments where it is isotopic-
cally fractionatedmainly by sulfur reducing bacteria. Little
or no isotopic fractionalion is produced by surface oxida-
tion of sulfide minerals.
Sulfur enters the oceans primarily in the form of soluble
34sulfates. The S content of these sulfates appears to be
about midway between magmatic sulfur and sea water sulfate.
The data is scanty, however, so it is difficult to estimate the
corresponding impoverishment in S 34 of the sulfur detained in
the continents.
In the ocean, sulfur enters the biochemical cycle and it
is here that the most significant isotopic fractionation occurs.
Not only do sedimentary sulfates and sulfides, which are the end
products of this marine cycle, differ greatly in isotopic com-
position of sulfur(average difference about 35 per mil), but the
amount of sulfur involved in the cycle is large. In bottom
muds or restricted basins, wherever organic material is present
and reducing conditions exist, sea water sulfate is reduced to
hydrogen sulfide by anaerobic bacteria. Hydrogen sulfide is
also formed in stagnant waters by bacterial action on sulfur
bearing vegetable and plant matter. Hydrogen sulfide escaping
the reducing environment is oxidized to sulfate. In both oxida-
tion and reduction reactions the net effect is to concentrate
S34 in the sulfate. Marine circulation is sufficiently rapid
and the total amount of sulfate in the ocean so large that sources
from which isotopically abnormal sulfate is introduced to the
main circulation stream, such as river mouths and bottom muds, have
L
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only local effect. Consequently, the isotopic composition of
oceanic sulfate is almost constant with respect to both time
and location.
Sulfur is removed from the marine cycle mainly by deposi-
tion as sulfates or sulfides. Sulfates are mostly deposited
in evaporite sequences, but to some extent in limestones, and
sulfides are deposited in bottom muds. Some sulfur is lost to
the atmosphere as hydrogen sulfide from bacteria populated tidal
flats and marshes, and some is removed as soluable sulfate in
connate water. The precipitation of sedimentary sulfates does
not cause isotopic fractionation, therefore, their isotopic
composition indicates the isotopic composition of the solu ble
sulfate in the sea water from which they were precipitated.
Sedimentary sulfates are enriched in S34 and sedimentary sul-
fides are impoverished in S34 relative to meteoritic sulfur.
Hydrogen sulfide from tidal flats is also impoverished in S
Marine deposits may eventually become emergent and
yield their sulfur through solution or erosion to re-enter the
cycle in the upper portion of the continental crust. On the
other hand, they may be deeply buried and yield their sulfur
through igneous or metamorphic processes to re-enter the cycle
in the lower crust. Hydrogen sulfide lost from tidal flats
re-enters the cycle through rain water.
The movement of sulfur in ground water is extensive. Very
few investigations have been made concerning the isotopic composi-
tion of sulfur in the ground water cycle, even though this cycle
is an important part of the complete sulfur cycle. Here again,
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sulfur reducing bacteria are the main agents of fractionation.
For example, bacterial action has been responsible for the re-
duction of anhydrite contained in Gulf Coast salt domes, re-
sulting in the formation of economically important sulfur de-
posits, (Feely and Kulp, 1957). Jensen (1958) has shown that
hydrogen sulfide formed by bacterial action during or after dia-
genesis was instrumental in the formation of at least some
of the Colorado Plateau sandstone type uranium deposits.
The sulfur cycle has no outlet, and the only inlet is from
the mantle. For this reason the average isotopic composition
of sulfur in the combined crust, hydrosphere, and atmosphere
must remain constant and equal to mantle sulfur.
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CHAPTER IV
THE TRIASSIC IGNEOUS ROCKS OF EASTERN NORTH ANERICA
General Geology
A series of elongate basins containing Triassic rocks
known as the Newark group extend from Nova Scotia through
Massachusetts, Connecticut, New York, New Jersey, Pennsylvania,
Maryland, Virginia and North Carolina (Fig. 5). This belt is
1,200 miles long. Rocks resembling the Newark group have been
encountered in wells extending below the Atlantic coastal
plain deposits as far south as Florida.
The Newark group consists mostly of arkosic sandstones and
conglomerates interbeded with lesser amounts of shale and some
basaltic lava flows. These rocks are intruded by diabase
dikes and sills. In places magnetite and sulfide deposits are
spatially and genetically associated with the intrusive rocks.
The Newark sedimentary rocks strike north-northeasterly,
parallel to the longitudinal axis of the basins, and are
tilted slightly to moderately northwestward in some basins and
southeastward in others. The strata are cut by normal faults
which strike in the approximate direction of the axis of the
basin, and which have displacements from several feet to several
hundred feet. Transverse faults, offsetting the beds and sills
are common. The basins are generally bounded on the down dip
side by large normal faults, giving them a prism-like cross-
section.
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Fig. 5 Areas occupied by the Newark group.
After Russell (1892).
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The igneous rocks of the Newark group occur as dikes,
sills, and lava sheets. The sills and lava sheets are con-
fined to the Newark basins but the dikes are present outside
the basins as well as inside. The Conshohocken and Downing-
ton dikes in Pennsylvania and Maryland are 60 to 70 miles
long and extend over 50 miles outside the Triassic basin. The
larger sills are up to 1,800 feet thick and in places exhibit
differentiation. The lava sheets commonly consist of multiple
flows, and vary greatly in thickness.
The lava flows attain their maximum development in the
Acadia basin, where about 1,000 feet of composite flows overlie
the sedimentary rocks. In the Massachusetts-Connecticut basin
lava flows comprise the main igneous units, although numerous
dikes are present in Connecticut, In New Jersey there are
three distinct flows, known collectively as the Watchung
flows. The great Palisades sill lies some distance beneath the
lowest Watchung flow. In Pennsylvania the Triassic igneous
rocks form a complex of sills and dikes (Fig. 9). Except for
one probable flow in Virginia, no extrusives have been found in
the Newark basins in Virginia and North Carolina.
In the southeastern Pennsylvania portion of the New York-
Virginia basin there are numerous magnetite deposits. They are
alike in nature and are known as the Cornwall type, after the
deposit at Cornwall, Pennsylvania (Spencer, 1908). They all have
two features in common: (1) they are replacements of calcareous
beds and (2) they lie in close proximity to Triassic diabase in-
trusions.
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Petrology
The petrography and the chemical composition of the Newark
igneous rocks are remarkably uniform throughout the entire area
of their exposure (Rogers, H. D., 1865; Dana, J. D., 1873;
Lewis, 1907; Walker, 1940). The departures from the normal type
that do exist are of the same nature in most instances.
The essential minerals of the normal rock type are plagi-
oclase and pyroxene, which are present in approximately equal
proportions. The plagioclase is andesine-labradorite and the
pyroxene is dominantly augite, although in places small amounts
of hypersthene are present. Ilmenite and/or titianiferous mag-
netite commonly comprise several per cent of the rock. Apatite,
in small quantities, is an almost ubiquitous accessory. Small
amounts of quartz are common, except where olivine is present,
and minor quantities of orthoclase, biotite, and hornblende
may be present. Fine-grained disseminated sulfides are ubi-
quitous. Pyrite, chalcopyrite, and pyrrhotite may occur singu-
larly or in any combination. In abnormal varieties, which are
products of differentiation, quartz, orthoclase, hornblende,
and albite are commonly abundant.
The grain size of the intrusive rocks ranges from aphanitic
in some chilled selvages, and fine grained near contacts, to
coarse grained in the central portions of many of the larger
bodies. The most common variety is medium grained and exhibits
ophitic to sub-ophitic texture. The small amounts of quartz
and orthoclase are commonly intergrown as interstitial micropeg-
matite. Coarse-grained varieties show less distinct ophitic tex-
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ture and in places become pegmatitic. The extrusive rocks are
generally fine to medium grained. Numerous molites and related
minerals occur as amygdules.
The term diabase is correctly applied to the most abundant
variety of intrusive material. Much of the coarse-grained
variety does not display diabasic texture, nevertheless, it
is common practice to use the term diabase to refer collectively
to the intrusives of the Newark group. Varieties formed as
products of differentiation include diabase pegmatite, albitic
pegmatite, granophyre, and aplite. The first three are found
in small to large irregularly shaped lens-like pods or poorly
defined tabular bodies, whereas aplite usually occurs as dikes.
Chemical Composition
Table 7 gives the average composition of various groups
of analyses of Newark group igneous rocks. For comparison the
average composition of the tholeiitic and olivine-basalt magma-
types are given.
Newark Group Igneous Rocks and the Tholeiitic Magma-Type
Wahl (1908) and Kennedy (1933) recognize two primary basal-
tic magma-types: olivine-basalt and tholeiite.
The requirements stipulated by Kennedy for a basaltic magma
to qualify as a primary magma-type are that it ".....must re-
present a true liquid and, in addition, show world-wide distribu-
tion, uniformity of composition and great aggregate bulk."
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Table 7
Chemical Composition of Newark Group Igneous Rooks
I II III IV
SO 2  51.14
A1 20 3  16.58
Fe20 3  1.21
Fee 10.84
Mg0 5.39
CaO 10.39
Na20 2.10
K2 0 0.68
H2 0 0.45
T10 2  1.05
P205 0.18
MnO 0.23
002 and
ignition loss
100.24
IV
II
III
IV
V
52.37
15.20
6.57
3.92
6.70
9.80
2.27
0.80
0.90
0.16
1.176
99.86
51.18
15.07
2*32
9.16
6.84
9071
2.54
0.87
1.15
1.25
0.15
0.12
100.09
51.72
13.82
3*09
9.79
5.93
9*55
2.69
0.61
1.40
1.04
0.14
0.25
0.66
100.69
V
50
13
13
5
10
2.8
1.2
-*
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Average of analyses I, II, and IV, Table 9.
Average of analyses I, II, V and VI, Table 10.
Average of analyses I, II, III and IV, Table 11. and of diabase
from chilled margin of Rocky Hill sill (Phillips, 1899).
Average of analyses I, II, III, IV and V, Table 12.
Kennedy's tholeiitic basalt (Kennedy, 1933).
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Kennedy gives the following description of the rocks crystal-
lized from the tholeiitic magma-type: "The essential minerals
are pyroxene, basic plagioclase and iron ore. Olivine is either
completely absent or present in very subordinate amount. Char-
acteristically an interstitial, acid residuum is developed which
may be glassy but is dominantly quartzo-feldspathic. The pyr-
oxene belongs typically to the enstatite-augite (pigeonite)
series of lime-poor pyroxenes."
The composition of the olivine-basalt and tholeiitic magma-
types are given in Table 7. It is evident that the composition
of the Newark group igneous rocks is similar to the composition
assigned to the tholeiitic magma-type by Kennedy. Walker (1940)
describes the Palisades sill as being representative of the
tholeiitic magma-type, and Wahl (1908) sites the Rocky Hill,
N. J., and West Rock, Conn., bodies as examples of the tholeiitic
magma-type.
The mineralogical characteristics of the late differenti-
ates of the Newark group diabases are similar to those for the
tholeiitic magma-type as described by Kennedy (1933). Indeed,
Kennedy sites the late differentiates at Goose Creek, Va. as
an example.
The Triassic extrusive rocks in New Jersey, Connecticut
River Valley, and Acadian Triassic basins are found in the upper
half of the sedimentary series (Lewis, 1907; Bain, 1941). They
were formed, therefore, near the close of the period of deposi-
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tion that is represented by the strata that now remain.
Several of the intrusive bodies in New Jersey penetrate
strata far above the middle of the sedimentary series. Lewis
(1906) has shown that the origin of many of the copper deposits
in the Newark group in New Jersey is intimately connected with
the intrusion of the Palisades sill and its offshoots. Further-
more, the relations of some of the deposits to the first
Watchung flow, which is the oldest flow, is such that they could
have been deposited only after the formation of the trap sheet
and some of its overlying sediments.
Lewis (1907) listed several observations which indicate
that intrusion preceded faulting of the New Jersey strata. The
most important of these are that both extrusive and intrusive
bodies throughout New Jersey are displaced by numerous faults,
and that nowhere do the intrusive bodies follow or send off
branches along these fault fissures. On the other hand, Sanders
(1961) spoke of the injection of parphyritic basalt dikes into
a lowland fault system as the last phase in the development
of the New York-New Jersey and Connecticut Valley region. Bain
(1941) concluded that for part of Newark time deposition, volcanic
activity, and faulting were contemporaneous in Connecticut.
When referring to the Wadesborough basin, North Carolina, and to
Bucks County, Pennsylvania, Russell (1892) stated that "the
dikes and faults are closely related and were probably, inpart
at least, contemporaneous". Eardley (1951) summarized the situ-
ation as fILows:
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"The normal faults within the basin cut the Triassic sediments
and sills, yet some of the dikes associated with the sills
follow cross faults. It is generally concluded that the
faulting is later than most of the beds, but before the end
of the period of volcanic activity, so that most of the sills
are cut by the faults, yet some dikes were injected immediately
into the fractures when they formed."
Dikes penetrating older rocks on the east side of the
Triassic basins south of New Jersey are overlain unconform-
ably by Cretaceous sedimentary rocks.
Erickson and Kulp (1961) obtained the data in Table 8
from potassium-argon age measurements of the Palisades sill,
N. J.
Table 8
Potassium-Argon Ages From the Palisades Sill (After
Erickson and Kulp, 1961)
Apparent age
in
Sample No. Description million years
- biotite from near upper contact 190 + 5
G558 whole rock: f. gr. diabase, bottom 202 + 10
chilled contact
G358 whole rock: f. gr. diabase just below 202
olivine layer
G458 whole rock: hornfels, bottom contact 193
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Origin
Sanders (1961) suggested that the causal mechanism of
crustal deformation during the development of the New York-
New Jersey and Connecticut Valley Triassic belts was sub-
crustal flow and transfer of material. A corollary of
this hypothesis is that the subcrust was also the source
of the Newark magmas.
Dana (1873) pointed out that the chemical uniformity
of the Newark igneous rocks, inspite of the fact that they
occur throughout a narrow belt 1,200 miles in length which
traverses crustal rocks with greatly varied bulk composition,
eliminates the possibility that the Newark igneous rocks
had their source within the sialic crust.
There is no doubt that these igneous rocks belong to
the thoeliitic magma-type (Wahl, 1908; Kennedy, 1933;
Walker, 1941).By virtue of the remarkably constant composi-
tion and the copious and waid-wide distribution of tholeiitic
rocks it is hardly reasonable not to place the origin of
thoeliitic magma below the sialic crust.
Kennedy (1933) considered tholeiitic magma to be one of
two primary magma types, the other being olivine-basalt
magma. He postulated (1938) that the source of tholeiite
magma is a tholeiitic layer located only beneath continents,
but below the sial and above a world-wide shell of olivine-
basalt composition. Bowen (1947) also believed, contrary to
his earlier opinions, that tholeiitic magma should be consid-
ered primary. He preferred, however, to derive both tholeiitic
I
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and olivine-basalt magmas from an ultrabasic layer beneath
the earth's crust by differential fusion. The mechanism of
differential fusion would be sufficiently variable to pro-
duce magmas of both olivine-basalt and tholeiitic comp-
osition. Daly (1933, 1946) did not consider the chemical
differences between tholeiitic and olivine-basalt magmas to
be fundamental, and assigned them both to a common origin
in a vitreous basaltic substratum thought to be ubiquitous
beneath continents but somewhat discontinuous beneath oceans.
Tomkeieff (1937) proposed that in the case of the Permo-
Carboniferous igneous rocks of Scotland, where tholeiitic and
olivine-basalt derivatives are found together, the parent
magma for the tholeiitic derivatives was derived from a
primary alkaline olivine basalt magma by a process of "alkali-
volatile diffusion". this process involved an upward dif-
fusion of alkalies assisted and accompanied by volatiles,
from the primary basalt which left a residue impoverished
in alkalies. This residue comprised the parent magma from
which tholeiitic derivatives were produced by fractional
crystallization.
For the purpose of this investigation it is incidental
which of the above hypotheses most accurately accounts for
the origin of the magma from which the Newark igneous rocks
crystallized. The significant point is that if this magma
is accepted as being tholeiitic, as all the evidence indicates,
then current geological opinion places'the ultimate source of
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this magma, whether the magma be primary or derived, in some
layer below the sialic crust. Furthermore, this layer is
of fundamental importance in the evolution of continental
basaltic rocks.
Contamination by Sialic Material
Lewis (1908) and Walker (1940) found evidence against
syntexis of intruded sediments in the case of the Palisades
sill. Hotz (1953) found no reason to invoke syntexis to
account for the development of granophyre in the diabase
at Dillsburg, Pennsylvania. These cases will be reported
more fully in Ch. 6.
One of the principal observations of this study, and
the most compelling evidence against crustal sulfur having
affected the isotopic composition of the 'primary sulfur'
in the magmas from which the Newark igneous rocks crystal-
lized, is the uniformity of the isotopic composition of
sulfur in these rocks. This is discussed further in Ch. 8.
Summary of Objectives
The features of the Newark group igneous rocks that
make them suitable subjects of investigation for the pur-
poses of this study are summarized below:
1. The Newark group igneous rocks are clearly tholeiites,
a rock type with a world-wide distribution. Tholeiite magmas
are considered to have their source in a subcrustal layer.
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Field evidence supports the conclusion that the source of the
Newark group igneous rocks was subcrustal. Several lines
of evidence (discussed more fully in Ch. 8) indicate that
the magmas from which these rocks crystallized were not
significantly contaminated by syntexis of crustal material.
Barring the loss of isotopically fractionated sulfur during
crystallization, which is a factor that can be evaluated,
the isotopic composition of sulfur in the Newark igneous
rocks should be close to the isotopic composition of sulfur in
the upper mantle.
2. The Newark group igneous rocks comprise extrusive,
intrusive, undifferentiated, and strongly differentiated
bodies, all of the same age and derived from a source area
within which variations in the isotopic composition of sul-
fur can be determined by regional sampling. Well documented
mineral deposits containing sulfides are genetically associated
with these rocks. The isotopic composition of sulfur within
the different varieties of these rocks should therefore in-
dicate the extent to which isotopic fractionation of sulfur
accompanies crystallization of mafic magma.
3. The Newark group igneous rocks are found within a
narrow belt 1,200 miles long. For this study they were
sampled over 700 miles. The data obtained should therefore
indicate the variation of the isotopic composition of sulfur
within a zone in the upper mantle at least 500 miles long.
Certainly the data obtained will not indicate the extent of
variation, if any, of sulfur isotope composidon within the
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whole upper mantle but it should indicate the approximate
extent of variations that might be expected within a fairly
large segment.
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CHAPTER V
METHODS
Sampling
Most samples were collected from outcrops or localities
that have been described in the literature. There is no doubt
that the igneous bodies sampled belong to the Newark group.
Samples were collected from bedrock, broken quarry rock
and residual boulders. Most bedrock samples comprised irregul-
arly spaced chips taken over more than 10 square feet. A few
samples are bulk samples from small volumes of rock. Samples
of quarry rock and residual boulders comprised chips from at
least five different and scattered blocks or boulders. Resid-
ual boulders were sampled only in non-glaciated regions and
where it was obvious from the distribution and abundance of
boulders that their source was local. With one or two excep-
tions the sample locality was carefully chosen so that the
texture and mineral composition of the rock at the locality,
in so far as could be determined by field observations and from
published descriptions, was representative of the body, or por-
tion of the body, to be sampled. Twenty to thirty pounds of
rock were collected for each sample.
Sulfide Extraction
Sulfides consisted of sparcely disseminated pyrite, chal-
copyrite and pyrrhotite. Samples of some extrusive bodies and
of some contact phases of intrusive bodies contained sulfides
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along short, tight, hair-line fractures. Before processing
each sample was hand cobbed and inspected, and pieces contain-
ing alteration seams or sulfides in hair-line fractures were
discarded.
Except in differentiated rock types the grain size of the
sulfides was between about 300 microns (0.3 mm.) and 5 microns.
Samples in which most of the sulfide was present as grains
larger than 44 microns (325 mesh, Tyler standard screen scale)
were processed by disc grinding, air table, heavy liquid, and
magnetic separation techniques, with a final concentration from
a few grams of sample being made by fl:0tation in a modified
Hallimond Tube (Fuerstenau et al., 1957). Samples in which most
of the sulfide grains were less than 44 microns diameter were
ground wet in a laboratory model rod mill after. crushing in a
roll crusher. A low grade concentrate of several hundred grams
or less was then obtained by bulk floltation in a standard
laboratory fletation cell. Free settling in water, heavy
liquid, and magnetic separation techniques were employed to
obtain a final concentrate. Whenever possible separate concen-
trates were made of pyrite, chalcopyrite and pyrrhotite.
Between 5 and 30 lbs. of each sample was processed, depend-
ing on the sulfide content of the samples. This yielded between
0.1 and 1 gm. of sulfide concentrate. Sulfide particles as small
as 15 microns in diameter were recovered in bulk. Most final
concentrates contained between 1 and 15 per cent impurities con-
sisting of plagioclase, zircon and other heavy, non-magnetic sil-
-i milliillllil -i -111
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icates, and in some cases brass chips from the sieves used in
processing. The combination and sequence of techniques were
varied according to the nature of each sample. Care was taken
with each operation to avoid contamination. Special precau-
tions were taken with the rod milling and bulk flo tation op-
erations. After thoroughly scrubbing and rinsing the equip-
ment with water a portion of the sample to be processed was run
through the equipment and discarded and the equipment scrubbed
and rinsed again before processing the actual sample. The
equipment was not used for other work while it was being used
for this project.
A possible source of contamination is the sulfur contained
in the xanthate compound used as a flotation reagent. This
reagent forms a layer several molecules thick around each sul-
fide grain. The extent to which the layer is removed during
subsequent operations is unknown. Table 20, Ch. 7, which
presents a comparison of sulfur isotope compositions of sulfides
obtained from the same sample with and without fl o tation tech-
niques shows that if any contamination occurs it is within the
analytical error of + 0.2 per mil.
Sulfur Dioxide Preparation
For mass spectrometric analysis the sulfide concentrates
were converted to SO2 in the apparatus shown in Fig. 0. An
amount of concentrate containing about 10 mg. of sulfur was
used for each gas preparation. Each sample was burned for 20
rm 02 -crushed
soda-lime
combustion
tube furnace
sample boat
thermo-
cougnle
. from second bank of traps lea e
o second
yield
system ~ ecr
manometers
tfo pump 3
Fig. 6 Apparatus for preparation of sulfur dioxide
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minutes in an oxygen atmosphere between 72 and 76 cm. pressure
and with the furnace between 11200 and 12000 C. An oxygen flow
of 0.18+0.02 liter per minute was maintained during ignition.
A sample boat, containing a concentrate, was placed in
the vycor glass combustion tube and behind it were placed
first a vycor glass rod and then an iron marble. After seal-
ing the combustion tube and evacuating the system the oxygen
flow and pressure were adjusted. With the furnace temperature
at about 1180 0C the sample boat, which had been positioned out-
side the furnace, was slid into the furnace by manipulating a
magnet held outside the tube beneath the iron marble. The
SO2 evolved was collected in three liquid nitrogen traps.
After ignition the liquid nitrogen around the center trap was
replaced by a dry ice-acetone mixture, and water vapor was re-
moved from the gas by passing it back and forth through the
middle trap by alternately removing the liquid nitrogen from
the last and first traps. The volume of gas evolved was then
measured in the yield system after which the gas was transferred
to the sample flask. The gas samples were stored in a refriger-
ator until analysis.
Considerable difficulty was encountered in obtaining con-
sistent results from the burning process. In spite of controlled
ignition conditions the burning process was found to have the
largest effect on the precision of the results. The precision
of the burning process was determined by including one of
several standards in each batch of concentrates processed.
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Analytical Methods
Mass Spectrometer
The function of a mass spectrometer is to separate and
measure the abundance of atomic or molecular species in a
sample. Separation of these species is obtained by ionizing
the sample, accelerating the ions through an electrostatic
field, and passing the accelerated ions through a magnetic
field (Barnard, 1953). The kinetic energy of all the ions em-
erging from the electrostatic field is equal and is given by
1/2Mv2 = e V (1)
where M is the ion mass in grams, v is the ion velocity in cm/sec.,
e is the ion charge in abcoulombs, and V is the potential drop
across the electrostatic field in abvolts. Upon entering the
magnetic field the ions travel a curved path in which the
centrifugal force of the ions is balanced by the magnetic field
force. Thus
r H e v (2)
where r is the path radius in cm. and H is the field strength
in gauss. Combining Eqs. 1 and 2 one obtains the relationship
M r2 H2
e 2V (3)
which shows that when H and V are held constant all ions with
the same mass to charge ratio (commonly designated as mass number)
will travel the same path of radius r. Ions thus become sepa-
rated in the magnetic field according to their mass number, and
ions with different mass numbers will emerge from the magnetic
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field at different points. The strength of an ion beam emerg-
ing from the magnetic field at a specific point can be measured
electronically. If the ionization process is controlled and
standardized the strength of each emergent ion-beam reflects
the abundance of a particular atomic or molecular species
in the sample.
The mass spectrometer used for this study was a Consoli-
dated Electrodynamic Corporation model 21-401. This model is
a dual collector instrument. The manual valves in the gas in-
let system had been replaced by automatic solenoid valves to
facilitate more rapid comparison of standard and sample gas dur-
ing a single analysis.
Isotopic Ratio Analysis
In a dual collecting mass spectrometer the intensities of
two different ion beams are measured simultaneously by two
different ion beam collectors. The collectors relay the ion
currents produced by the beams to separate electronic amplify-
ing circuits which are interconnected in such a manner that the
ratio of the two ion beam intensities is recorded on a recorder
chart. The ratio of the ion beam intensities is equal to the
ratio of the abundance of the ions comprising the beams.
An analysis is made by alternately admitting sample gas
and standard gas to the analyzer of the spectrometer for periods
of about one minute each. The isotopic ratio of the sample is
obtained by comparing it with the known isotopic ratio of the stand-
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ard gas. For example, an analysis is begun by admitting stand-
ard gas to the analyzer. The ratio of the intensities of the
ion beams striking the collectors is recorded for one minute.
The solenoid valves then automatically cut off the supply of
standard gas, allow the analyzer to be pumped out, and admit
sample gas for a period of one minute. The supply of sample gas
is then cut off, the analyzer pumped out, and the cycle begun
again by admitting standard gas. For this study 6 or 7 com-
parisons of standard and sample SO2 were made for each analysis.
Each sample was analyzed twice. If agreement was not ob-
tained, a third, and if necessary, a fourth analysis was made.
Large gas volumes of two samples were prepared early in this
work. One or the other was included in each group of samples
analyzed as a check on instrumental drift.
Isotopic Ratio Calculation
In the mass spectrometer used for this study one collector
received the ion beam produced by ions of mass number 66 while
the other collector received the ion beam doublet produced by
ions of mass numbers 64 and 65. The recorded, or observed,
ratio, R,is therefore proportional to the ratio between the ab-
undance of ions with mass number 66 (m4) and the abundance of
ions with mass numbers 64 and 65 (m54 + m65
64 65
The species of SO 2 ions contributing to the m , m , and
m66 beams are the following:
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i 64: s32 016 016
m65: s32 016 017 and S33 016 016
in66 :32 016 018 and S34 016 016
The abundances of the species S32017 0 and S33016017 , of m 66
are three or more orders of magnitude less than the abundance
of the other m 66 species so their contribution is negligible.
It follows that
Mi6 6  _ FS32016018  34016016]
m64 + m65 ~S3201601 +[S2 011 + s33 0016 (4)
where the square brackets signify the abundance of the species
within them.
During the combustion process the probability of whether
an S32 atom will combine with an 016018 molecule or an 016016
molecule is determined by the ratio of these two types of
oxygen molecules in the tank oxygen. On the other hand, the pro-
bability of whether an 016016 molecule will combine with a S32
or S atom is determined by the ratio of S32 to S atoms in
the sample being burned. The same reasoning applies to
S32016017 versus S32016016 and S32016016 versus S33016016 combina-
tions. Consequently, dividing each term on the right hand side
of Eq. 4 by S320160161 produces
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16 6  8 S34 32
64+ m65* 6 1 33 (5)
Neir (1950) determined the ratio between 060 18 and
10160161 in common air to be (408.8 + 0.5) x 10-. This value
was accepted by Craig (1957), however Craig (1957) reevaluated
Nier's data for the ratio betweenL0160 1j and 016016 in
common air and obtained for this ratio (735.5 + ~1) x 10-6.
Macnamara and Thode (1950) found the ratio S33 A32 to
equal 789 x 10-5 in a representative sample of meteoritic
troilite. Substituting these values in Eq. 5 gives
m66 0.004088 + S34 )32
m64 + M65 = 1 + 0.000736 + 0.00789 ()
The uncertainty of + 0.5 x 0-5 in the ratio between 016018
and 016016 can be neglected without causing noticeable error
in the following calculations.
Bleakney and Hipple (1935) found differences in the 016018:
016016 ratio among different tanks of commercial oxygen. Nier
(1950) found the same ratio to be 410.3 x 10'5 for tank oxygen,
compared to 408.8 x 0-5 for common air. Macnamara and Thode
(1950) found practically the same difference for this ratio be-
tween air and tank oxygen.
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Since sulfur isotope ratios are determined relative to
a standard, commonly meteoritic troilite, it is not necessary
to determine the above oxygen isotope ratios for the oxygen
in which the samples are burned, provided both the samples
and the standard are burned in oxygen from the same tank.
According to theoretical considerations, the fractiona-
tion between two isotopes produced by any process will be
one-half that produced by the same process for another pair
of isotopes of the same element which have a mass difference
of twice the first pair. Since the maximum fractionation be-
tween S32 and S34 in nature is about 11 per cent the correspond-
ing fractionation between S32 and S33 will be about 5.5 per cent.
Accordingly, the value of the denominator in Eq. 6 will be with-
in the limits 1.00863 + 0.00020. In this work the greatest
fractionation encountered was 6S34 of-13.8 per mil. For this
sample the error produced by using the value 0.00789 for the
ratio S33,I32 in Eq. 6 i.e., by assuming no fractionation of
S33, is 0.06 per mil, which is well within the analytical pre-
cision. Most samples show a much smaller fractionation so
the correction for S33/32 ; 0.00789 has been neglected.
Equation 6 expresses the relationship between the S34,A32
ratio of a specimen and the ideal instrumental expression of this
ratio when instrumental errors are neglected. In practice,
however, allowance has to be made for errors due to instrumental
discrimination and small fluctuations, random or otherwise,
in the circuitry of the mass spectrometer. If these errors are
constant Eq. 6 is modified to
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R- K 0.004088 + S34/S32
1.0086
(7)
where R stands for the ratio recorded by the instrument i.e.,
m66/m64 +m 65
The value of K may be expressed in terms of the primary
standard, Canyon Diablo troilite, for which the S34 A32 ratio
is assumed to be 0.045005. From Eq. 7 we then obtain
K = 1.00864 R
K. =4W3 Rp
(8)
where the subscript p refers to the primary standard.
The isotopic abundance of a sample, relative to the primary
standard, is obtained by comparing the observed instrument ratio
of the sample with that of the primary standard. From Eq. 7
R -R
S34 S32)x . (S34/S32)p . 1.00864 R&K R
(9)
where the subscript x refers to the sample and K is the same
for both R and Rx. Replacing K in Eq. 9 by its value from
Eq. 8 gives
R -R
S34 S32). . (S34S32) p = 0.049093 R R(S 
~R
(10)
Equation 10 is valid only if K remains constant during the
period in which the comparisons between Rx and R are being made.
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"The consistency of the values Rx - Rp obtained during an an-
alysis is indicative of the extent to which K remains constant.
Analyses for which Rx - R was not reasonably constant were
rejected.
In practice samples are not compared directly with the
primary standard but with a secondary standard for which the
S34 s32 ratio relative to the primary standard has been deter-
mined. Let the secondary standard be designated by the sub-
script t. From Eq. 10
R - R
S 3 t = 0.045005 + 0.049093 R
p (11)
The 6S34
S34A 32
value is defined by the relationship
sample - standard
S34,A32
.10VV
standard
The 6S34 value of the secondary standard relative to the primary
standard is therefore
6S34 = 1091 Rt - R,t Rp (13)
The calculation of 6S t and (S34 /S32 )t will be given as an
example.
6S34
(12)
=
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Std.: Sample,: Rstd.: Av. Rstd.: R sample: R sample - Rstd.
18.6 18.5 .048577>.048570 .048475 -.000095
18.5 18.4 .048563>.048567 .048463 .000104
18.3 18.3 .048570>.048570 .048455 .000115
18.2 18.2 .048570>.048567 .048474 .000093
18.1 18.1 .048564>.048557 .048462 .000095
- 18.0 .048550>.048548 .048450 .000098
17.9 .048546
Av. .048563 Av. -.000100
From Eq. 13
6St - 1091 --0g3F0 = -2.25 per mil.
In the above table "amp. out." stands for amplifyer out-
put and refers to the output in millivolts of an amplifying
system connected to one of the collectors. It therefore gives
an indication of the constancy of the ion beam.
A second analysis of the above gas preparation gave
6S t = -2.26 per mil. Analysis of a second gas preparation
(from a second ignition) gave 6S t = -2.42 per mil. Substitu-
ting the average of these values, which is 6S34t = -2.34, into
Eq. 12, (S /S32 t is found to be 0.044900. (S32/S34 t is
therefore 22.272. For actual calculations 6S34 t was rounded
off to -2.3 per mil, in keeping with the analytical precision
of + 0.2 per miL.
For the calculation of analyses using the secondary standard
as reference Eq. 7 becomes
0.004088.+ (S3-4/32 t
1.00863R = K& (14)
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and Eq. 11 becomes
(S34 /S32) (s3 4 1s3 2 )t + (0.004093 + (s34Is32)t)X t
or
(S /s32) = 0.044900 + 0.048993 Rx t
t
(15)
The 6S34 value of a sample relative to the primary standard but
using the tank standard as reference is given by
RX-R
0.04490 + 0.048993 t - 0.045005
S 0.045005 1000
or
6S34 = 1089 R t 2.3xt
(16)
Gas Analysis
The CO2 content of each gas preparation was determined by
mass spectrometric mixture analysis. The analyses were made
by scanning the mass number spectrum from mio to m68  so the
presence of H20, N2 02, Ar, CO2 and SO2, could be detected.
Gas standards containing known amounts of CO2 and SO2 were includ-
ed in some of the batches of samples analyzed. It was found that
the relative sensitivities of CO2 and SO2 varied considerably
from day to day. In general, however, this variation was such
as not to cause a variation of more than 3 per cent in the calcul-
ated CO2 content of the standards. The C02 content of 18 dif-
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ferent preparations of standard Va. 1 py varied from 9 to
3 per cent. Twelve of the eighteen were within the range 7
to 4 per cent. Some of the CO2 originated from impurities
of carbon in the combustion tube, even after the tube was
baked out for several hours. The amount of CO2 from this
source depended on how old the tube was and how long the
furnace was kept at ignition temperature before sliding the
sample into the furnace. Since variations of several per cent
in CO2 content can be expected from these inconsistencies,
it is concluded that the mixture analyses are correct to within
+ 2 per cent.
The presence of CO2 in a gas sample may interfere with
the determination of the S34,A32 ratio. From repeated ig-
nition and analysis of several samples it was found that the
S34,A32 ratio was not affected by CO2 contents up to 10 per
cent (Ch. 7, under "precision").
Yield
The approximate yield of the ignition process was calculated
for many of the concentrates from the weight of sulfide concentrate
used for ignition, the visually estimated purity of the concent-
rate, the volume of gas produced by ignition, and the SO2 content
of the gas sample. The estimation of concentrate purity by
visual microscopic inspection was considered sufficiently accurate
for concentrates with less than 10 per cent impurities. The
yield for concentrates with more than 10 per cent impurities was
not measured. The yield calculations are probably accurate to
within + 3 per cent.
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Eighteen ignitions of standard Va. 1 py, which was esti-
mated to be 100 per cent pure, gave yields ranging from
83 to 95 per cent. A comparison of yields and per mil values
for these preparations shows no correlation (see TableI, Ch. 7).
About 90 per cent yield for ignition is standard (Thode
et al., 1961).
Polished section examination suggests that the low yields
obtained in many samples is at least in part due to the pre-
sence of numerous minute inclusions of impurities in the
sulfide grains. These inclusions would not be visible in the
sulfide concentrates and hence could not be allowed for in the
estimation of impurities.
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CHAPTER VI
LOCALITY AND SPECIMEN DESCRIPTIONS
Deep River Basin, North Carolina
The Deep River Triassic basin is a northeast-trending down-
faulted block about 95 miles long and up to about 15 miles wide
(Fig. 7 ). The sedimentary rocks, comprise claystone, shale,
siltstone, sandstone, conglomerate, fanglomerate, and, in
the southern part of the basin, coal.*
The basin is underlain and bordered on both sides by meta-
morphosed Precambrian or Palaeozoic igneous and sedimentary
rocks. The pre-Triassic rocks on the northwest side of the
basin belong to the "Carolina Slate Belt", which comprises slate,
quartzite, conglomerate, acid tuff, rhyolite flows, andesite
flows and tuff, and volcanic breccia. The southeastern side of
the basin is bordered by the Wissahickon schist, which comprises
mica-gneiss and micaceous, chloritic and graphitic schist. Both
the Wissahickon schist and the'Carolina Slate Belt are intruded
by relatively unmetamorphosed granite which in places borders
the Deep River basin.
No extrusive rocks have been identified in the area, but
basic dikes and sills are common. In general, the Deep River in-
trusive rocks are more basic than the diabase in other Triassic
*
For the most comprehensive description of the Deep River basin
see Reinemund, 1955.
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Fig. 7. Location of North Carolina specimens.
After Reinemund (1955),
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basins of eastern North America. They contain more olivine and
calcic plagioclase and they do not exhibit late stage differ-
entiates. In the southern part of the basin, known as the Deep
River coal field, the sills occur mostly in a zone of black and
grey shale which extends for about 500 ft. stratigraphically
above the coal beds. In this region the igneous rocks intrude
the youngest Triassic sediments, follow pre-existing fissures,
and are rarely offset more than a few feet by later faults.
They do not intrude cretaceous rocks in the Coastal Plain to the
east. Reinemund (1955) is of the opinion that they formed in
the final stages of faulting near the end of the Triassic, but
they may be younger.
The igneous rocks in the Deep River coal field, where speci-
mens N.C. 1, 2, 3, and 4 were collected, contain the primary
minerals olivine, plagioclase (andesine, labradorite, and bytownite),
augite, orthoclase, and quartz. Accessory minerals are magnetite,
ilmenite, pyrite, chromite (?), titanite, apatite, and basaltic
hornblende. A few discrete grains of orthoclase and quartz are
present in some specimens but usually these minerals form inter-
stitial micropegmatite. Micropegmatite forms no more than 12
or 13 per cent of the rock, and it becomes less abundant as the
proportion of olivine in the rock increases.
Three varieties of diabase, differing in mineral proportions
and in fabric, are found in the Deep River coal field:
1. Gabbroic diabase: More than one-half the rock is com-
posed of olivine. Plagioclase forms about one-third of the rock,
filling intesticies between olivine crystals. Augite forms less
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than one-third of the rock and micropegmatite is absent.
2. Normal diabase: More than one-half of the rock is com-
posed of plagioclase and one-eighth to one-fourth of the rock
is augite. Olivine generally forms less than one-fifth of the
rock, and several per cent of micropegmatite is present. The
rock displays ophitic texture.
3. Dioritic diabase: Plagioclase forms about one-half of
the rock and augite about one-third. Micropegmatite forms more
than one-tenth of the rock and olivine is absent.
The distribution of specimens collected for this study is
shown in Fig. 7.
N.C. 1 "Dioritic diabase" from the same outcrop as a specimen
described by Reinemund (1955) as containing 48% plagi-
oclase, 37% augite, 13% micropegmatite and 2% magnetite-
ilmenite. This point of the dike is several thousand
feet stratigraphically above the probable intersection
of the dike and the Cumnock formation, which contains
grey and black shale and coal. The shale and coal are
possible sources of sulfur contamination. Location:
about 1 mi. eastward by road from Buckhorn Church,
Corinth.
N.C. 2 "Gabbroic diabase" from a dike for which Reinemund
(1955) gives the mineralogical composition, from an aver-
age of two specimens, as 58% olivine, 34% plagioclase,
6% augite and 2% magnetite-ilmenite. The Cumnock form-
ation is absent from this vicinity. Location: beneath
power line, 0.5 mi. northwestward by road from Rosser.
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N.C. 4 From a dike at a point stratigraphically above the
Cumnock formation. Location: secondary road junction
1.7 mi. by road southwest of Carthage.
N.C. 6 From a large dike in the northern part of the basin,
about 40 mi. from specimens N.C. 1 to 4. Location:
road cut on Durham Route 70 by-pass, 2.6 mi. westward
from the junction of Routes U.S. 70 and 15.
Dan River Basin, North Carolina
The Dan River basin, which lies about 60 miles northwest of
the Deep River basin, trends northeastward and is about 50 miles
long and 10 miles wide. The basin is bounded on all sides by
gneiss. Stone (1912) reports the stratigraphy of the basin as
"similar to that of the Deep River area, conglomerates at the
base being overlain by carbonaceous coal-bearing shale, which
is succeeded by thick sandstone and fine conglomerate toward the
top." Stone describes diabase dikes as filling a series of fis-
sures, and as composed of chiefly augite and plagioclase, with
small amounts of olivine, biotite, magnetite, and in places quartz.
N.C. 5 From a 130 ft. wide dike which Stone (1912) described as
fine grained and showing diabase structure. "It is com-
posed of lath-shaped plagioclase feldspar with augite
packed in the intersticies. There is also some olivine,
partly altered to serpentine, with apatite, magnetite
and other accessory minerals". Specimen N.C. 5 was ob-
tained from a point stratigraphically below the carbona-
ceous coal bearing shale. Location: from a northerly
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trending ridge, south of U. S. Route 311, about 4 miles
west-southwest of Madison.
Virginia
The Virginia Triassic belt, which extends in a north
easterly direction across the state, is represented by 5 isolated
basins and several small outlying areas (Fig.8 ). The basins
are elongated in a northeasterly direction. They contain con-
glomerates, sandstones, and shaleswhich are intruded by dikes,
sills and stocks of chiefly diabase. The basins are surrounded
by metamorphic rocks consisting of schists, phyllite, and gneisses
of many varieties.
Diabase intrudes all three of the sedimentary formations
in the Virginia Triassic, however, diabase dikes extending beyond
the basins do not intrude Cretaceous sediments to the east of
the Triassic belt. At one locality an extrusive sheet, of ap-
parently local extent, occurs in the youngest Triassic formation.
Roberts (1928) sets the age of the igneous rocks as somewhere
in the latter half of Newark time.
Roberts (1928) reports that the essential minerals of the
diabase are plagioclase, chiefly labradorite, and augite. Acces-
sory minerals are apatite, hypersthene, biotite, quartz and
orthoclase as micropegmatite intergrowths, iron oxides, hornblende,
albiteand olivine. Besides normal diabasedifferent combina-
tions of essential and accessory minerals result in hypersthene-
diabase, olivine-diabase, which is rare, diabase pegmatite,
albitic pegmatite,and aplitic albite rocks. Roberts lists pyrite
83"
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Table 9
Analyses of Virginia Diabase
Si02
A1203
Fe 2053
FeO
MgO
CaO
Na20
K2 0
H20
H20
TiO
2
CO2
P205
Mno
I
53.48
12.78
1.92
11.99
4.90
9.76
2.49
0.59
0.14
0.33
1.40
Trace
0.23
0.31
100.32
II
48.39
23.14
0.75
9.20
3.87
11.33
1.72
0.48
0.21
0,66
0,26
Trace
0.14
0.18
100.33
III
50.88
13.17
1.11
9.66
13.05
10.19
1.17
0.31
0,14
Trace
Trace
Trace
99.68
IV
51.56
13.81
0.96
11.32
7.40
10. 08
2.08
0.96
1.48
0.16
0.19
100.00
V
52.94
14.80
0.16
12.100
5.42
8.32
1.98
1.50
2.32
0.28
0.24
99.96
VI
68.74
13.24
1.22
1.38
2.02
5.90
5.76
0.36
0.46
1.44
0.59
0.05
101.16
From analyses sited by Roberts (1928, pp 56-57)
I Average of two diabase dikes in Albemarle County.
(Roberts, analyses III and IV)
II Dike crossing Va. Route 6, southeast of Scottsville basin.
(Roberts, analysis I). Same location as specimen Va. 2.
III Olivine hypersthene diabase, near Twins Mountain, Culpeper Co.
(Roberts, analysis X). Same location as specimen Va. 3.
IV Average diabase, Belmont stock, Goose Creek (Roberts, analysis V).
Same rock type as specimen Va. 6.
V Diabase pegmatite, Belmont stock, Goose Creek (Roberts,
analysis VI). Same rock type as specimen Va. 7.
VI Albitic pegmatite, Belmont stock, Goose Creek (Roberts,
analysis VII). Same rock type as specimen Va. 8.
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and chalcopyrite among secondary minerals, and describes them as
occurring "quite often, always in very small masses either in
clusters or disseminated through the rock."
The grain size of Virginia diabases ranges from coarse
grained to aphanitic. Coarse-grained or diabase pegmatite,con-
tains crystals up to 4 cm. long, and is found in stocks such as
the Belmont Stock at Goose Creek. Normal diabase is fine to
medium grained, and occurs in stocks, sills and large dikes.
Aphanitic diabase, with crystals less than 0.1 mm, is character-
istic of small dikes. The fine and medium-grained diabases are
ophitic.
An average of several Virginia diabases has been given in
Table 9 . This average excludes the abnormal types found in the
Belmont Stock.
Specimen localities in Virginia are shown in Fig. 8.
Va. 1 From a dike intruding Wissahickon schist 9 miles north-
west of the Danville basin. Location: Southern Rail-
road cut, 0.4 miles by U. S. Route 29 south of the
crossroad at Sycamore.
Va. 2 From a dike intruding Wissahickon schist 1.5 mi. south-
east of the Scottsville basin. The sample that provided
analysis II, Table 9 , was collected from nearby, if not
from the same outcrop as Va. 2. Location: roadside ex-
posure on Va. Route 6, 0.7 mi. by Route 5 eastward from
the junction of Va. Routes 6 and 20.
& Va. 3 Collected in the southern portion of the New York-
Va. 4 Virginia basin. In Virginia this basin is bounded on the
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northwest by Catoctin greenstone and Loudoun slate and
quartzite and on the southeast by Wissahickon schist.
Specimen Va. 3 was taken from a railroad cut immediately
south of Buena station, on the Southern Railroad. The
rock exposed here was described by Campbell and Brown
(1891) as olivine-hypersthene-diabase. Besides olivine
and hyperstheneplagioclase (labradorite and possibly
anorthite), augite, biotite, ilmenite, magnetite and
apatite were identified. An analysis of this rock is
given in Table 9 . Specimen Va. 4 was collected from
an old quarry in Buzzard (or Twin) Mountain, about a mile
northeast of Buena station. The quarry exposes a rock
described by Campbell and Brown (1891) as a hypersthene-
diabase. Campbell and Brown identified plagioclase
(labradorite and possibly anorthite), diallagic augite,
hypersthene, biotite, apatite, magnetite, ilmenite, and
in places quartz, hornblende,and probably zircon. They
described the texture as ophitic.
Va. 5 From a tabular body near the northwest boundary of the
New York-Virginia basin. An examination in only one
place revealed that sedimentary rocks lying in contact
with the uniformly flat top of the body were not meta-
morphosed. On the basis of this cursory examination
this body is considered to be extrusive. Location:
W. W. Sanders' quarry on secondary Route 643, 4.7 mi.
southeastward from the junction of Route 643 and U. S.
Route 15.
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Arlington Stone Company Quarry, Goose Creek, Va.
Spceimens Va. 6, 7, 8 and 9 were collected from a quarry
operated in 1960 by the Arlington Stone Company of Leesburg,
Va. The quarry is located in Loudon County southeast of
Leesburg, adjacent to the Washington and Old Dominion railroad,
near Goose Creek. There are several quarries in the vicinity
but this quarry is believed to be an extension of, or very near
to, the quarry described by Shannon (1924). In any case, the
Arlington Stone Company quarry displays the varieties of diabase
and the relations between the varieties that Shannon describes
in the quarry that he studied. The quarry is located in a large
body called the Belmont Stock by Roberts, (1928) but described
by Shannon, (1924) as "an intrusive mass of sill-like form, in
general conformable with the bedding, having a thickness.....of
some 750 meters (2,400 feet)." Keith, (1894), however, puts the
thickness at about 800 feet. Shannon believed that the quarry
he studied was near the base of the sill.
Shannon distinguished four rock types: normal diabase, dia-
base pegmatite, albitic pegmatite and aplitic albite rocks. In
addition, all of these types are cut by numerous joints and fis-
sures adjacent to which hydrothermal alteration of the enclosing
rocks has occurred.
Specimen Va. 6 is normal diabase, Va. 7 is diabase pegmatite,
Va. 8 is albite pegmatite,and Va. 9 is from a hydrothermal alter-
ation zone.
Shannon describes the normal diabase, which is by far the
most abundant type, as medium grained with pyroxene and labra-
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d~rite as its essential minerals. Biotite and apatite are minor
constituents as are quartz and orthoclase, which occur together
as rare patches of interstitial micropegmatite. Iron ore, prob-
ably titaniferous magnetite, occurs sporadically. An analysis
of normal diabase is given in Table 9 .
Next in abundance to normal diabase is diabase pegmatite.
It differs from normal diabase, into which it grades, chiefly
in grain size. In typical specimens augite forms long blade
like crystals ranging from 4 to 10 cm. long and 4 to 8 mm. wide,
although coarser varieties occur. The other constituents are
labradorite and micropegmatite, with accessory iron ore, biotite,
and chalcopyrite. Micropegmatite is a prominent constituent,
and is present as two kinds: orthoclase micropegmatite and
placioclase micropegmatite. The latter surrounds plagioclase
crystals, and the plagioclase of the central crystal is optically
continuous with that of the surrounding micropegmetite. In con-
trast, orthoclase micropegmatite is interstitial. An analysis
of diabase pegmatite is given in Table 9 .
In places the diabase pegmatite occurs in irregular and
rounded to tabular masses, sometimes of considerable size, iso-
lated in homogeneous normal diabase. Most of the larger masses
are tabular and appear to be truly intrusive into the normal dia-
base. These tabular bodies vary in size up to 1 meter thick and
12 meters long. Elsewhere a coarse-grained fabric forms small
patches so thickly distributed as to make up approximately half
of a hybrid mass of rock. Shannon stated
"...the mode of occurence of this [the diabase pegmatite bodies]
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seems to indicate that it is definitely younger than the diabase
of normal grain and that it owes its peculiar features to con-
centration of volatile constituents, notably water, into spots
of greater or less size which remained fluid after the main mass
of diabase solidified and permitted the growth of large crystals
producing unusually coarse textures."
Albitic pegmatite is similar in structure and occurence
to diabase pegmatite. An analysis of this rock is given in
Table 9 . There are three types of albitic pegmatites which
intergrade. They are best described in Shannon's words.
"(1) Albite pegmatite having a structure identical with that
described as diabase pegmatite but in which the large crystals
of feldspar are albite as is all of the feldspar of the abundant
micropegmatite which they contain. In these rocks the pyroxene
occurs in coarse-bladed crystals with the curved branching habit,
.of the diabase pegmatite, but the original purple augite
has been more or less completely replaced by pale green diopside
so that the present pyroxene is a pseudomorph of diopside after
diallagic augite. The skeleton magnetites have been largely re-
placed by pseudomorphs of titanite.....:(2) A relatively coarse
albite rock containing abundant quartz-albite micropegmatite.
Diopside is present in greater or less amount but is in glassy
imperfect prisms which are original crystals and not alteration
pseudomorphs after augite. These rocks contain frequent small
miarolitic cavities, giving them a porous character, which are
lined with quartz and albite crystals. ..... (3) A rock con-
sisting of interlocking areas of quartz-albite micropegmatite
surrounding nuclear crystals of albite, in which diopside occurs
as branching fern-like graphic intergrowths with the feldspar."
In describing the miarolitic cavities Shannon said that
chalcopyrite occurs frequently in the cavities in places as
single crystals growing from the wall of the cavity.
Most of type (1) Shannon believed to be formed by ".....
secondary alteration immediately following crystallization or,
if such be conceivable, a product of essentially hydrothermal
action by a magma of extremely differentiated composition rich
in water. This is shown by the structure, which is pseudomor-
phous after the [diabase 3pegmatite. The diopsidic pyroxene is
here pseudomorphous after the augite, the titanite clearly pre-
serves the form of the skeletal octahedrons of titaniferous
magnetite....."
Types (2) and (3), however,
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"...do not exhibit structure clearly traceable to the normal
[diabase) pegmatite and may be assumed to represent a true ex-
treme alkalic magmatic differentiate, probably an acid residium
from the crystallization of the larger masses of normal pegma-
tite.o
In this respect Shannon noted that some bodies of types (2)
and (3) show sharp intrusive contacts with the enclosing rock
and that these bodies seemed always to be connected by a stringer
with large bodies of diabase pegmatite. Other bodies of type
(2) and (3) seemed to be located more or less centrally within
a larger surrounding mass of diabase pegmatite.
White to pinkish aplite occurs as persistent dikeletts 0.5
to 3.0 cm in width. The dikeletts cut both normal diabase and
diabase pegmatite. The aplite consists of albite and quartz,
with lesser amounts of quartz-albite micropegmatite, diopside
and titanite.
Hydrothermal alteration occurs along fractures. Shannon
observed its effects on all four of the rock types previously
described, so it is certainly a phenomenon that happened late in
the cooling history. In places alteration of adjacent rock has
been accompanied by fracture filling. In addition to other types,
Shannon describes diopside-filled cracks with diopsidization of
the adjacent diabase and chlorite seems accompanied by hornblend-
ization of the host rock. These alteration fractures are dis-
tinct from small zeolite bearing veins which Shannon describes
as hydrothermal joint and cavity fillings.
Summarizing his observations Shannon said:
"There appears to be represented in the limits of the quarry a
gradation from th.te original crystallization of the normal diabase
through a series of magmatic differentiates into high temperature
- 151 -
hydrothermal deposits, represented by the hornblende in cracks
and the minerals in miarolitic cavities. The latter overlap a
sequence found in the veins which grades into the series of
minerals characteristic of typical zeolite deposits."
Maryland
The Maryland Triassic area is a portion of the New York-
Virginia basin. Specimen Md. 1 was collected from a dike, about
250 feet thick, which intrudes argillaceous limestones of the
Frederick formation, about 9 miles Southeast of the Triassic
basin. Location: road cut on Md. Route 26, 1.7 mi. eastward
from Monocacy River.
Pennsylvania
In Pennsylvania, Newark sedimentary rocks are confined to
the New York-Virginia basin. This is the largest of the Newark
basins and extends from the Hudson River in New Jersey south-
westward across Pennsylvania Maryland into Virginia. The basin
is about 300 miles long and has a maximum width of 32 miles
(Fig. 9 ). In Pennsylvania the underlying and surrounding Pre-
cambrian and Cambrian basement rocks include quartzite, limestone
and dolomite, shale, greenstone, graphitic gneiss, granitic rocks,
and meta-volcanics.
Throughout much of the Pennsylvanian portion of the New
York-Virginia basin the upper part of the Newark group is pre-
vailingly argillaceous and shaley and the lower part prevailingly
sandy, but within each of these broader units zones of conglomer-
ate beds are present (Stose and Jonas, 1939). The beds strike
Trap Rock Q.uarry Pa. 16
Birdsboro
Cornwall
Fig. 9. Location of Maryland and Pennsylvania specimens.
After Stose and Stose (1944).
~*-~-~-~ Mw
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northeastward and dip northwestward, generally at angles between
100 and 400.
The sedimentary rocks are intruded by large diabase sheets.
The southeast boundaries of the bodies take the form of sills,
with their contacts paralleling the strike of the sedimentary
rocks for long distances. The sills are terminated on the north-
east and southwest by arms which cut across the strike and which
generally extend to the northwestern edge of the basin where
they terminate against faults that form the boundary of the
basin (Fig. 9 ). The larger sills are the Haycock, Ziegler,
Saint Peters, Yorkhavenand Gettysburg sills. Connected with
these sills are numerous dikes, many of which extend southwest-
ward across the southern boundary of the basin and continue for
many miles into the adjacent pre-Triassic rocks.
No extensive extrusive bodies are known in Pennsylvania,
although local remnants of flows have been identified in
several places (Stose, 1932).
The dikes are normally fine to medium grained, and sills
and the large cross-cutting bodies are normally medium to coarse
grained. The dominant constituents of normal diabase are
pyroxene (mostly augite) and plagioclase, (labradorite or andesine).
Minor constituents are magnetite, which is ubiquitous, apatite,
quartz, quartz-orthoclase micropegmatite, biotite, hypersthene,
and olivine. Ophitic texture is common.
In places some of the large sills contain a variety of ab-
normal rock types, generally coarse grained or pegmatitic and
containing much quartz and albite, that are considered to be dif-
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ferentiation products.
Age relations of the diabase in Pennsylvania are not as
clear as in New Jersey. The evidence which is available is in
agreement with a late Triassic age.
Gettysburg Sill
The Gettysburg sill is one part of a complex of intrusive
bodies, all of which are visualized by Stose (1916) as having
stemmed from a central intrusive root. The Gettysburg sill,
which is the principal exposure of this complex, dips about 200
northwestward and is generally about 1,800 feet thick.
Lewis (Stose and Lewis, 1916) gives a detailed account of
the petrology, from which the following descriptions are taken.
The igneous rocks are dominantly diabasic but show a diver-
sity of differentiation facies. The chief constituents are
pyroxene and plagioclase (andesine-labradorite). Pyroxene is
generally more abundant than plagioclase although there are
numerous exceptions. Other components are magnetite, apatite
and generally some quartz and othoclase, commonly in micro-
graphic intergrowths. Locally, in dark colored varieties, there
is much hypersthene or olivine or both, while in the lighter
varieties quartz and orthoclase are common. Biotite and titanite
are occasionally observed. The texture is typically diabasic to
ophitic.
*Diabasic: the pyroxene filling angular intersticies in a felted
ground-mass of slender plagoclase crystals. By coalescence of
the pyroxene into larger areas, in which the plagioclase is em-
bedded the texture becomes ophitic.
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Lewis describes the following varieties:
"(1) Normal diabase, the most common pyroxene-plagioclase rock;
(2) feldspathic diabase, or anorthosite, chiefly plagioclase
feldspar; (3) quartz diabase, with abundant quartz, much of it
in micrographic intergrowth with orthoclase; (4) micropegma-
tite, consisting in the main of micrographic quartz and orth-
oclase; (5) aplite, essentially a dense granular quartz-
orthoclase rock; (6) hypersthene diabase, with much hypers-
thene, replacing in part monoclinic pyroxene; (7) olivine dia-
base, with abundant olivine; (8) basalt diabase, or basalt,
a dense black facies, in places vesicular and having a glassy
groundmass; (9) olivine basalt, the dense black variety with
abundant olivine."
"The pyroxene is rather commonly altered in part to
uralitic amphibole, serpentine, or chlorite, generally with more
or less granular magnetite. A corresponding partial alteration
of the feldspars has given rise to fine, scaly, apparently
sericitic, aggregates and less commonly to kaolin. In places
epidote is also an abundant secondary constituent."
Although outcrops are discontinuous, and somewhat weathered,
the Gettysburg sill seems to show the effects of some gravita-
tional crystal settling. Thus acid feldspathic and quartzose
facies seem to be most common in the middle and upper parts of
the sill and black, hypersthene and olivine rich facies are
typically developed near the bottom of the sill.
Specimens Pa. 3 to 7 are from the Gettysburg complex. Their
locations are given in Fig. 9 .
Pa. 3 Olivine basalt. Location: boulders at top of hill on
northwest side of U. S. Route 15, 0.8 miles northeastward
from Heidlersburg.
Pa. 4 Quartz diabase. Location: about one-quarter mile due
south of Cemetery Hill, Gettysburg.
Pa. 5 Anorthositic diabase. Location: secondary road intersec-
tion one mile south of U. S. Route 30 on the secondary
road that enters Route 30 at a point 3.3 miles northeast
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along Route 30 from Rock Creek.
Pa. 6 Chilled selvage from basal contact. Location: 0.3 miles
eastward along secondary road from location of Pa. 5.
Pa. 7 From an intrusive body known as Nell's Hill at the north-
eastern end of the Gettysburg complex. Stose and Jonas
(1939) describe light colored diabase differentiates
from this vicinity which grade downward into normal dia-
base which forms Nell's Hill. Specimen Pa. 7 was col-
lected from boulders at the base of Nell's Hill. It pos-
sibly represents the chilled selvage at the base of this
intrusive body. Location: 0.95 miles northeastward along
road 65025 from intersection of roads 66025 and 66006.
Yorkhaven Sill
Pa. 9 From an old quarry in the southwestern end of the York-
haven sill. (Stose and Stose, 1932) Location: near York
Haven; one-half mile up Susquahanna River from the mouth
of Conowego Creek, beside the railroad.
Stonybrook Dike
The Stonybrook dike is about 40 miles long, only 6 of which
are within the New York-Virginia basin (Fig.9 ). Its most
northern exposure is a mile southeast of the Yorkhaven sill.
Its exposure at Stonybrook is 5 miles outside the Triassic basin.
Here tie dike intrudes Conestoga limestone. In the general
vicinity, and also at depth, it intrudes dolemite, quartzite and
slate. At Stonybrook the dike is 50 feet thick.
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Pa. 11 Stonybrook dike. Location: exposure in Pennsylvania
Railroad cut, just southwest of the intersection between
the railroad and U. S. Route 30.
Conshohocken Dike
The Conshohocken dike runs from south of Doylestown, Pa.,
southwestward into Maryland at least as far as Susquehanna River,
a distance of about 75 miles. If the dike running southeast
from Point Pleasant on the Delaware River to a point southwest
of Doylestown is considered to be the northward extension of
the Conshohocken dike, offset by the Chalfont fault (Stose,
A.I.J., 1944, Fig. 9 ), its total length is about 90 miles, of
which the southwestern 65 miles are outside the New York-Virginia
basin (Fig. 9 ). In the vicinity of Conshohocken the dike cuts
Wissahickon schist.
Pa. 12 Conshohocken dike. Location: West Conshohocken, at an
exposure on Front Street, 0.15 miles northeast of the
bridge over Schuykill River. The sample from which
analysis I , TablelO was made was collected from this
dike 1.5 miles to the southwest.
Saint Peters Sill
Specimens Pa. 13, 14 and 15 were collected from the John T.
Dyer Company's Trap Rock quarry which is located on the north-
east side of Saint Peters sill (Fig.9 ). The quarry is on Pa.
Route 82, 2 miles southeast of Schuykill River.
Three rock types are exhibited in the quarry.
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Table 10
Analyses of
I II
51.56 51.27
17,38 12.92
6.57 11.30
3.85 1.00
3.42 10.20
10.19 7.64
2.19 2.28
1.46 0.44
1.63 0.52
0.13
2.15 1.65
100.53 99.22
Pennsylvania Diabase
III IV
46.87 51.67
13.36 15.18
9.79 312.60
2.71
4.35 9.39
14.70 11.363
4.64 0.50
2.01
1.98 --
0.20
100.41 100.90
I Conshohocken dike, 1.5 miles southwest from location of
specimen Pa. 12. Analysis 7789, 2nd Pa. Geol. Surv. Bull.
c-6, 1884.
II Normal diabase from Trap Rock Quarry, Saint Peters sill, near
Birdsboro. Same rock type as specimen Pa. 13. Analysis by
Allentown Testing Laboretory Inc., 1949 (personal communi-
cation with H.W. Craig, President, J.T. Dyer Quarry Co.,
November, 1960).
III Diabase from Saint Peters sill, quarried by J.T. Dyer Co.
Analysis by H. Fleck (1897).
IV Normal diabase from quarry of Coopersburg Granite Co. Same
rock type as specimen Pa. 16. Analysis sited by Stone (1932).
V Diabase from Haycock sill. Analysis 5086, 2nd Pa. Geol. Surv.
Bull. c-6, 1884.
VI Diabase from Solebury Mountain, near location of specimen
Pa. 17. Analysis 5066, 2nd Pa. Geol. Surv. Bull. C-6, 1884.
Sio2
A1203
Fe203
FeO
MgO
Cao
Na 20
K2 0
Tio
2
P205
MnO
Ignition
loss
V
52.73
11.77
3.50
6.45
9.33
10.96
1.53
0.48
1.02
0.16
0.48
98.41
VI
53.92
18.72
4.89
4.37
3.86
10,42
3.08
0.81
0.43
0.19
Trace
0.41
101.10
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1. Normal diabase (Pa. 13) which is dark grey, medium grained
and consists of approximately 50 per cent plagioclase and 50 per
cent pyroxene.
2. Medium grey diabase (Pa. 14) which is medium grained (al-
though coarser grained than Pa. 13) and consists of approximately
45 per cent plagioclase, 30 per cent pyroxene, partly altered
to amphibole, 20 per cent orthoclase and 5 per cent quartz-
orthoclase micropegmatite.
3. Aplite (Pa. 15) which is pinkish grey, fine grained and con-
sists approximately of 60 per cent orthoclase, 30 per cent
plagioclase and 10 per cent ferro-magnesian minerals. It occurs
as dikes cutting normal diabase.
Analysis II, Table 10 is of a sample from this quarry.
Analysis III, Table 10 is of a sample taken in 1897 from a quarry
operated by the J. T. Dyer Co. It is not known which of the
Dyer quarries this is from.
Haycock Sill and Associated Bodies
The Haycock sill is about 1,700 feet thick (Willard et al.,
1959). The Shelly intrusive is one of numerous intrusive bodies
associated with the Haycock sill in Bucks County (Fig. 9),
The eastern contact of the Shelly intrusive is conformable with
the sedimentary rocks, but in other places the contact cuts ir-
regularly across the bedding. The Shelly body is connected to
the Haycock sill by a large dike.
The grain size of Bucks County diabases varies from aphanitic
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in some chilled contacts to coarse grained in local pegmatitic
facies. Normal diabase is fine to medium grained. Its texture
is typically sub-ophitic. The mineralogy of these rocks is
the same as other Triassic diabases. (Ryan, in Willard et al.,
1959) Labradorite and augite are the chief constituents. Hyper-
sthene, quartz-orthoclase micropegmatite, magnetite, ilmenite,
hornblende, biotite, apatite, and olivine may be present in
varying amounts. Normal diabase is composed of 90 to 95 per
cent labradorite and augite, the former being slightly more
abundant. Augite is generally the only pyroxene present. Inter-
stitial micropegmatite (quartz and potash-feldspar), magnetite,
and ilmenite are usually present in small quantities. Apatite
is a ubiquitous accessory. The plagioclase and pyroxene are
usually only slightly altered. Ryan (in Willard et al., 1959)
describes pegmatitic diabase and several types of syenite which
in places are associated with normal diabase. In a general man-
ner these rock types are similar to pegmatitic and alkalic
types described in the Goose Creek and Gettysburg areas, and
Ryan considers them to be products of differentiation.
The Solebury Mountain intrusion (Fig.9 ) is the southward
extension of a large sill in New Jersey, directly across the
Delaware River. In New Jersey the sill is 800 to 900 feet thick
and is considered by Lewis (1906) and Darton (1890) to be an
extension of the Palisade sill.
Pa. 16 Normal diabase of the Shelly intrusive. Location:
Coopersburg Granite Company quarry, 3.5 miles southeast
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of Coopersburg. An analysis of diabase from this quarry
is given in Table 10. Analysis V in the same table
is of diabase from the Haycock sill.
Pa. 17 Normal diabase of the Solebury Mountain body. Location:
road cut on Pa. Route 32, 1.05 miles southward from its
intersection with U. S. Route 202, in New Hope. Analy-
sis VI, Table 10, is of medium-grained normal diabase
which was probably collected within 150 feet of Pa. 17.
New Jersey
In New Jersey the New York-Virginia basin is bounded on
the southeast by Cretaceous rocks and on the northwest by
Precambrian granitoid gneiss.
The distribution of trap rocks in New Jersey is shown in
Fig. 10.
The Watchung Mountains and the trap bodies west of them are
extrusive, as are the small horseshoe shaped bodies at New
Germantown and Sand Brook.
The Palisades, Rocky Hill and Byram bodies, and Pennington,
Baldplate, Sourland, and Cushetunk Mountains are intrusive sills
which generally follow the bedding. In places they crosscut the
bedding and have branches that cut the bedding. Mount Gilboa
B.= Baldpate Mt. N.T.= New Vernon
G.= mt. Gilboa P.= Pennington mt.
S.9.e Band Brook
Scale of M-.1s
4 1 0. 10
Fig. 10. Location of New Jersey specimens. After Lewis (1907).
Tr ntr.p
Trag, extir-
- F&.*es
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and Round Mountain are more stock-like. Data gathered from well
borings and river dredging in the area between the Palisades
and Rocky Hill sills indicate that the two are ane and the same
sill (Lewis, 1906). Lewis (1906) and Darton (1890) suggest
that Pennington and Baldplate mountains are lobe-like protru-
sions of the same Palisades-Rocky Hill sill. Furthermore,
Lewis considered it probable that the Sourland Mountain, Mount
Gilboa, and Byron bodies, each of which lies on the upthrow
side of a fault that repeats a portion of the sedimentary series,
are also fragments of the same sill.
From the position of the extrusive sheets near the top of
the sedimentary series Lewis (1906) concluded they were formed
near the close of the period of deposition, so far as it is
represented in the strata that now remain. Investigations by
Lewis (1906) showed that the Palisades sill was intruded after
the extrusion of the first Watchung flow. He found that the
origin of many of the copper ores in the New Jersey Newark rocks
was intimately connected to the intrusion of the Palisades sill
also that the relations of some of them to the first Watchung
flow are such that they could only have been deposited after the
formation of the flow and some of the sedimentary rocks overly-
ing it. Various considerations indicate that both intrusives
and extrusives were in place before the cessation of major fault-
ing and gentle warping of the strata.
Lewis (1907) gave an excellent account of the petrology of
-the New Jersey traps. Many chemical analyses were included. In
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describing the extrusives Lewis wrote!
"Microscopically the rock varies from a brownish structureless
spherulitic glass to a fine-grained granular or ophitic augite-
plagioclase-rock with magnetite grains and occasional olivine
crystals..... Chemically the basalt is less variable in com-
position than the diabase, although very similar to it. Small
and apparently characteristic differences are found between the
successive parts of the various sheets which it is thought pos-
sibly represent successive flows. To a certain extent these
parts are also different in physical characters."
It is now generally accepted that some of the sheets are com-
posite flows. The intrusives are medium to coarse grained,
with dense fine-grained and porphyritic facies at the contacts.
Typical diabase consists, in order of abundance, of augite,
plagioclase, quartz, orthoclase, magnetite and apatite. The
texture varies from ophitic to gabbroic. Quartz and ortho-
clase occur as micropegmatite. Near contacts micropegmatite is
absent and scattered crystals of olivine are present. Minor
constituents are biotite, apatite, pyrite, chalcopyrite and
rutile. Augite and the feldspars are subject to a variety of
alterations. In places micropegmatite comprises almost half the
rock.
Lewis (1907) said:
"Chemically the rocks range from less than 50 per cent to more
than 60 per cent of silica, generally with a corresponding varia-
tion in alumina, ferric iron and the alkalies, while ferrous iron,
lime and magnesia vary inversely. The augite is rich in these
latter constituents and poor in alumina....."
The plagioclase ranges from albite in differentiated facies to
basic labradorite. According to Lewis (1907):
"Augite usually comprises about 50 per cent of the rock (varying
from 25 to 75); feldspars, 40 per cent (20 to 45); quartz, 5 per
cent (0 to 20); ores, 5 per cent (1 to 20), constituting a quartz-
- 165 -
diabase, with normal diabase and olivine-diabase facies."
In explaining the variation in the diabase Lewis (1907)
wrote:
"Differentiation by gravity during crystallization, especially
by the settling of olivine and the ores, and the rising of
the lighter feldspars in the earlier and more liquid stages
of the magma, with minor basic concentration at the contacts
..... , satisfactorily accounts for the facies observed and
their present relations."
Samples were collected for this study from the Mount Gilboa,
Rocky Hilland Palisades intrusive bodies and from the second
Watchung flow.
Mount Gilboa
A quarry operated by the Labertville Quarry Company is
situated in the Mount Gilboa intrusive, near its southern con-
tact. The quarry exposes dense fine-grained diabase near the
contact, but most of the rock exposed is normal diabase consist-
ing chiefly of augite and plagioclase but containing also a
little primary magnetite, orthoclase, quartz, biotite and small
amounts of the secondary minerals kaolin, chlorite, and calcite
(Johnson and McLaughlin, 1957).
N.J. 3. From crushed stone pile in Lambertville Quarry Company
quarry. Location: adjacent N. J. Route 29, 1.9 miles
northward from its intersection with U. S. Route 202 in
Lambertville.
N.J. 2 From near the north contact of the Mount Gilboa intrusive
as exposed adjacent to N. J. Route 29, north of the above
mentioned quarry.
-
-- 1
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Rocky Hill Sill
The Kingston Trap Rock Company operates a large quarry in
the Rocky Hill sill near the village of Rocky Hill, on Millstone
River. At this point the sill is about 1,200 feet thick (Phil-
lips, 1899). Phillips described the sill at this point from
exposures in three quarries located at the base, in the middle,
and near the top of the sill. These quarrys have since been
enlarged and at least two, if not all three, have been joined
to form the present quarry. Phillips described very fine-
grained diabase from near the bottom contact, normal medium-
to coarse-grained diabase throughout the central portion of the
sill, and light colored, pegmatitic diabase near the top contact.
Chemical analyses of each type were made. The analysis of
normal diabase is given in Table 11. The normal diabase is com-
posed of augite and labradorite, with small amounts of titani-
ferous magnetite. Olivine is present in the fine-grained con-
tact facies, and quartz and hornblende, the latter replacing
augite, are present in the pegmatitic facies. Phillips reported
that very minute crystals of chaloopyrite are scattered through-
out the entire mass, and in some rare localities chalcopyrite,
occurs as blobs up to half an inch in diameter.
N. J. 4 From a crushed rock pile in the Kingston Trap Rock
Company quarry.
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Table 11
Analyses of New ,ersey Diabase
I II III IV
SiO2  50.34 51.82 51.82 50.74
Al203 15.23 14.76 15,80 14.50
Fe203 2.82 1.22 1.98 3.27
FeO 11.17 9.24 7.70 8.54
MgO 5.81 7.32 7.21 7.03
CaO 9.61 10.Q2 10.40 8.78
Na20 2.93 2.06 2.40 2.77
K20 1.02 0.82 0.87 0.75
H20- 0.19 0.14 0.27 0.63
H20 0.17 0.84 0*73 1.62
Ti0 2  1.56 1.34 0.93 1.15
C0 2  -- -- -- 
--
P205 0,20 0.12 0.11 0.16
MnO 0.14 0.12 0.09 0.12
Ignition loss -- --
101.09 99.82 100.31 100.06
I Normal diabase from Rocky Hill sill. Analysis by Phillips
(1899). Specimen N.T. 4 is of the same rock type and was
collected from the same vicinity.
II Chilled margin of Palisades sill, one foot above basal
contact, George Washinton Bridge (Valker, 1940). Same
rock type as specimen N.T. 6.
III Normal diabase, Palisades sill, 220 feet above basal contact,
George Washington Bridge (Walker, 1940). Same rock type
as specimen N.. 9.
IV Average of 9 analyses of First and Third Watchung flows
(Lewis, 1907).
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Watchung Flow
N. J. 5 From the second Watchung flow. Location: roadcut
on road between Watchung and Stirling, 1.05 northward
from Watchung. An analysis of Watchung basalt is
gi~Ven in Tablell .
Palisades Sill
The Palisades sill has a continuous exposure on the west
bank of the Hudson River from Haverstraw N. Y. to Staten Island,
a distance of about 50 miles. In the 'Vicinity of the George
Washington Bridge, Fort Lee, N. J., it is about 1,000 feet thick.
Lewis (1908, 1907) and Walker (1940) published quantitative
accounts, accompanied by chemical analyses, of the petrology
of the sill. Several analyses are reproduced in Table 11.
Texture and mineral composition impart a layered structure
to the sill. A diagramatic section of the sill is shown in
Fig. 11. Gravity settling and crystal fractionation account for
the layered structure and attendant chemical variations.
The details of the mineralogy and cooling history of the
Palisades sill, so well put forth and summarized by Lewis and
Walker, will not be repeated here. However, certain remarks by
Walker that are of special importance to this paper are quoted
below:
1. "The magma of the sill in its undifferentiated state is rep-
resentative of a type of world-wide distribution, viz.: the
tholeiitic magma type of Wahl (1908) and Kennedy (1933).
The pertinence of this point was discussed on pages -
2. Later stages of differentiation.
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N.J. 10
N.J. 9
N.J. 8
N.J. 7
N.J. 6
) RAFTS OF SEDIMENT
,7 WHITE VEINS
OI IOLIVINE LAYER
COARSE DIABASE WITH
PEGMATITE SCHUEREN
/ /_NORMAL DIABASE BECOMINGo /% COARSER & MORE ACID TOWARDS TOP
C -:1 CHILLED CONTACT PHASEC:GRADING INTO NORMAL DIABASE
N TRIASSIC ARKOSE & SHALE
-- OF NEWARK FORMATION
D
_-?-N.J. 13
SN.J. 11
- . 12
Fig. 11. Diagramatic section across the Palisades sill.
After Walker (1940).
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"Crystal settling in the Palisade sill led to an accumulation
of the solid phase in the lower parts while the upper parts
remained fluid. Since all the volatile constituents remainedin the liquid phase, as crystallization progressed they be-
came concentrated increasingly in the higher levels below the
upper chilled phase. Such a process would be brought aboutby normal crystal fractionation alone..... Richness in vola-
tiles tends to promote coarse crystalization....."
The effects of these tendencies are manifested in the peg-
matitic schlieren of the Palisades sill. These schlieren are
similar to those described elsewhere in Newark sills e. g., at
Goose Creek, Va. In the Palisades sill, as elsewhere, they may
appear to be intrusive into surrounding normal diabase. Walker
points out that such schlieren are:
".....exceedingly common in the upper parts of quartz diabase
sills from all over the world and are recorded in examples too
thin to show gravitational differentiation. The illuminating
study of the Whin Sill by Tomkeieff (1929) proves that they are
"wet' fractions qite close in composition to the normal rock,
though usually slightly richer in iron and alkalies and poorer
in magnesia. The presence of volatiles has, however, entirely
changed the mineral composition by preventing iron oxide from
going into chemical combination with silica as pyroxene. The
pegmatitic rock is thus rich in quartz and late iron ore."
Evidence of pronounced hydrothermal activity associated with the
pegmatite schlieren, evidently acting in the late stage of their
development, is the predominant alteration of plagioclase and
alteration of pyroxene to amphibole. These features occur only
in the pegmatitic schlieren. Walker stated;
"The formation of the pegmatite schlieren probably ushered in the
deutoric stage of crystallization. The plagioclase which they
contained was fairly calcic, usually An 45-50, and this began
to suffer albitization by the volatile-rich residual magma. To
this stage too, belongs the conversion of much of the pyroxene to
green or brown amphibole, the formation of biotite and sodic
amphibole by reaction with iron ore and pyroxene, and also the
formation of a good deal of quartz micropegmatite."
"The deuteric stage led gradually into the hydrothermal
stage....."
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The resulting solutions were rich in water, silica and alkalies
but by further precipitation of biotite and alkalic feldspar
"they became highly sodic and gave rise to the quartz-albite-
pyroxene veins[aplitic veins]which are found in both the upper
and lower chilled phases and which represent the expulsion of
the last magmatic residues."
3. Syntexis of country rock. Walker found quartz not to be as
abundant throughout the sill as Lewis reported. He found the
average normative quartz, taken throughout the sill, to be just
lower than that of the lower quenched contact. Walker confirmed
Lewis' observations that with few exceptions, the slabs of
arkose that have been peeled off from the bottom contact, and
which have floated up into the magma, show little alteration.
Micrometric measurements of diabase samples taken at the contact
with one such arkose inclusion, and one foot away from it,
showed no silication of the diabase.
Walker also studied the aplitic veins, having in mind the
possibility that they represent arkose remobilized by the igneous
rock and then injected into it. The chemical composition of the
aplitic veins and the adjacent arkose are quite different. The
feldspar of the aplitic veins is invariably albite, where as the
arkose contains much potash feldspar.
In the discussion of the sulfur isotopic abundances reported
in this study the foregoing considerations will be sited as
partial evidence against contamination by non magmatic sulfur.
In this regard it should be noted that Walker reports that
l~ JJLi~
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"Scaly pyrite is found in the contact modifications near joints."
This observation carries the inference that sulfur might have
been introduced from adjacent sedimentary rocks. Two specimens
were collected from the lower contact of the Palisades sill for
this study. In one, scaly pyrite, as Walker describes, was
present in addition to disseminated pyrite. In the other, which
was collected a few feet farther from the contact than the first,
pyrite was present only as small disseminated grains. The sul-
fur isotopic abundance reported herein is for the second speci-
men.
The portion of the Palisades sill studied most thoroughly
by Walker and for which he reports chemical analyses is in
the vicinity of the western abutments for the George Washington
Bridge, Fort Lee, N. J. Most of the specimens for this study
were collected in the vicinity of the traffic circle on
Hendrick Hudson Drive at the entrance to Ross Dock. This is
about 1,700 feet north of the George Washington Bridge.
Descriptions of specimens collected from the Palisades sill
for this study are given in Table 24.
The Connecticut-Massachusetts Basin
The pre-Triassic rocks on which the Newark group in Connect-
icut and Massachusetts lie include micaceous and chloritic slate,
mica schists, gneiss and granite. The Triassic basin cuts ob-
liquely across their regional trend.
The sedimentary rocks of the Triassic basin are sandstones,
conglomerates and shales. In general they have a northerly strike
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Table 12
Analyses of Connecticut - Massachusetts Diabase
I
Si0 2  51.58
Al203 13.19
Fe203  3.54
FeO 9,66
M90 5.91
CaO 9.90
Na2 0 2.56
K20 0*74
H20 0.08
H20 1.23
T10 2  1.13
C02  0.30
P205 0.12
MnO 0.20
Ignition loss --
100,14
II
49.49
13-11
3.23
11.43
5.20
9.82
2.37
0*61
0.17
1l.00
1.39
1.56
0.17
0.20
9-
99.75
III
51.78
14.20
3.59
8.25
7.64
10.70
2.14
0.39
0.63
1.41
0.14
100.88
IV
52.37
15.06
2.34
9.82
5.38
7.33
4.04
0.92
2.24
0.21
--
0.32
100.03
V
52.40
13.55
2.73
9.79
5.53
10.01
2.32
0.40
1.67
1.08
0.12
0.26
0.13
99.99
I Fresh diabase from Mount Holyoke flow, Mount Holyoke Quad.,
Mass. (Analysis 1, Balk, 1957).
II Fresh intrusive diabase, Mount Holyoke Quad., Mass.
(Analysis 7, Balk, 1957).
III Diabase, West Rock, New Haven, Conn. Analysis by Hawes (1875).
IV Mount Holyoke flow, Meriden, Conn. Analysis by 3.H. Pratt
(1906).
V Basalt, Pine Hill, Pomnperaug, Conn. Analysis by
W.F. Hillebrand (1901).
- 175 -
and dip about 150 eastward. The basin is bounded on the east
by a large normal fault. The section within the basin is broken
up into many fault blocks.
The basin contains three volcanic flows and numerous in-
trusives of various forms. Dikes that are considered to be re-
lated to the intrusives within the basin intrude pre-Triassic
rocks on the east side of the basin. The igneous rocks are
basaltic in composition. Their constituents are chiefly
calcic plagioclase and pyroxene. Ilmenite-magnetite is a ubiqui-
tous accessory and olivine and apatite are present in places.
The texture is generally ophitic. In places small bodies of
"diabase aplite" (Emerson, 1917) are contained within normal
diabase. Table 12 shows the chemical composition of Connecticut
Triassic diabases.
The nomenclature of the three extrusive units has been
varied. In this text the lowermost unit will be called the
Talcott sheet, the middle unit the Holyoke sheet and the upper
unit the Hampden sheet. The Talcott sheet is confined to Con-
necticut. In Massachusetts the main extrusive body is the
Holyoke sheet in southern Massachusetts, and its equivalent the
Deerfield sheet in northern Massachusetts.
The Talcott flow is characterized by pillow structure. It
is from 100 to 250 feet thick. The Holyoke sheet is 300 to 500
feet thick. In places it is composite containing at least two
is
flows. The Hampden sheet/from 50 to 200 feet thick.
The localities in the Connecticut-Massachusetts basin from
Iffiffiagiow- NUMMOR-_ -
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which specimens were collected have not been specifically des-
cribed in the literature. They are shown in Fig.12 -
Conn. 3 Talcott flow. Breccia structures, vessicles and crude
pillow structure exhibited in outcrop. Location:
roadcut on Conn. Route 20, 2 miles east of Granby.
Conn. 4 Holyoke flow. Strongly jointed but no evidence of
alteration. Sample was taken over about 35 feet
stratigraphically, near the base of the flow. Loca-
tion: westernmost outcrop of Holyoke flow on Conn.
Route 20, 2.5 miles east of Granby.
Conn. 5 Hampden flow. Strongly jointed but megascopically homo-
geneous over portion sampled. Location: small roadside
outcrop on Conn. Route 187, 0.25 miles northward from
its junction with Conn. Route 20.
Conn. 7 Talcott flow. Vissicular. Location: Preston-Ave.,
Highland, about one-quarter mile from main road
through Highland. Middleton map-area.
Conn. 8 Holyoke flow. Sample from near top of flow. No alter-
ation seams or megascopic inhomogenieties within por-
tion sampled. Location: on main road through Highland
about one mile eastward from Highland center. 'Middleton
map-area.
Conn. 9 Hampden flow. No alteration seams in portion sampled.
Location: roadside outcrop about one-third mile westward
from Baileyville center. Middletown map-area.
Conn. 15 Diabase dike. No alteration seams or megascopic in-
homogenieties in portion sampled. Location: on Conn.
ICornwall Type Magnetite Deposits
In southeastern Pennsylvania there are numerous magmatic
hydrothermal magnetite deposits formed by replacement of lime-
stone beds adjacent to Triassic diabase intrusives. They are
known as the Cornwall type magnetite deposits. Small quantities
of sulfide minerals are common in these deposits.
Handspecimens from the deposits at Cornwall, French Creek
and Dillsburg were selected at random from the Lindgren Ore Col-
lection at Massachusetts Institute of Technology for sulfur
isotopic analysis.
Cornwall
The Cornwall deposit occurs in metasomatized limestone at
the contact of a diabase sheet and Cambrian limestone. The dia-
base sheet is the eastern part of the Yorkhaven sill. (Fig. 9 )
In the vicinity of the ore the intrusive is 1,000 to 1,200 feet
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Route 80, 0.25 mile southwestward from its intersection
with Conn. Route 77. Guilford map-area.
Mass. 1 Holyoke flow. Location: about 200 feet west of north-
east end of Hugh McLean Resevoir, Holyoke.
Mass. 4 Deerfield flow. Location: Roadcut in Mass. Route 47,
1.4 miles northward from its intersection with Mass.
Route 116 in Sunderland.
Mass. 5 Deerfield flow. Location: Greenfield Broken Stone Co.
quarry, about one mile south-southeast of Greenfield
center.
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thick. This portion of the Yorkhaven sill was emplaced near
or at the contact between the Newark sedimentary rocks and
pre-Triassic basement rocks. At Cornwall the sill intrudes
basement limestone so that a wedge of limestone occurs above
the sill, between it and the Newark sedimentary rocks. This
wedge contains the ore bodies.
Gray and Lapham (1961) described the diabase underlying the
deposits as:
"composed essentially of plagioclase and pyroxene showing typ-
ical ophitic to sub-ophitic texture, with accessory ilmenite,
magnetite, and biotite. Quartz and orthoclase are present in
interstitial micropegmatite near the top of the diabase. The
plagioclase is mostly andesine to labradorite....."
In the upper part of the intrusive pyroxenes are about evenly
divided between pigeonite and hypersthene, with augite also
present. Lower in the intrusive ortho-pyroxene becomes dominant.
Texturally the diabase varies from a glassy contact facies to a
coarse-grained sub-ophitic facies. Analyses given by Hickock
(1933) show that the coarse-grained facies contains more norma-
tive quartz and iron oxides than fine-grained diabase adjacent
to the glassy contact facies. Hickock (1933) described the pres-
ence of several small dikes of pegmatitic diabase in the normal
diabase at Cornwall. The pegmatitic diabase comprises long curv-
ing crystals of pyroxene, partially replaced by hornblende, in
a ground mass of coarse-grained albite and quartz-orthoclase
micropegmatite. Hickock also described an aplite dike cutting
normal diabase and elongate segregations of aplite which grade
outward into normal coarse-grained diabase. The aplite is com-
posed mostly of orthoclase with minor pyroxene, chlorite, and
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datolite.
The normal diabase and pegmatitic diabase commonly show
sericitization of plagioclase and uraltization and chloriti-
zation of the pyroxenes.
The magnetite ore, which replaces the limestone overlying
the diabase, contains chalcopyrite, pyrite, earlier amphiboles
and pyroxenes, and later silicates such as mica, chloriteand
zeolites.
Spencer (1908), Callahan and Newhouse (1929), Hickock
(1933), and Lindgren (1933) all considered the source of the
mineralizing solutions to be the adjacent diabase intrusive.
Gray and Lapham (1961) tentatively proposed that "the magnetite
ores at Cornwall did not emanate directly from the adjacent
cooling diabase..... More probably, the ore and preceeding
silicate matasomatism are related to the diabase through a com-
mon magmatic source." Their evidence, although suggestive, is
not conclusive.
For the purpose of the present study it is not important
which of the above two interpretations most closely describes
the seat of the ore solutions. The important point is that in
all probability the sulfur from which the sulfides in the ore
body formed came from some part of the same magma from which the
diabase originated.
Specimens Pa. 24, 25 and 26 were collected by W. H. Callahan
in 1926.
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French Creek
The French Creek magnetite deposits occur along the south-
ern arm of the Saint Peters sill, close to the southern edge of
the Triassic basin (Fig. 9 ) They are replacements of lenses
or tabular bodies of limestone interstratified with gneiss.
This sedimentary series of gneiss and limestone, presumably
of Precambrian age, was intruded by hornblende syenite with
complementary pegmatitic dikes which are also probably of Pre-
cambrian age.
The principal constituents of the diabase are plagioclase
and augite in approximately equal proportions. They impart a
diabasic to ophitic texture to the rock. Magnetite is a minor
constituent. Smith (1931) reported the plagioclase to be
oligoclase, in contrast to the numerous reports of andesine-lab-
radorite as being the common plagioclase in normal Triassic dia-
base. Smith also reported small segregations of coarse-grained,
light colored diabase containing long blades of "dark minerals",
somewhat altered plagioclase, and micrographic intergrowths of
plagioclase and quartz. These segregations, which are up to
4 inches wide, grade into normal diabase. Small pegmatitic
dikes, composed principally of altered plagioclase, some augite
altered to hornblende and chlorite, and minor quartz, apatite,
magnetite, pyrite,and chalcopyrite, cut the normal diabase in
places.
The ore comprises magnetite with which are mixed large quant-
ities of pyrite, some chalcopyrite and varying quantities of
lime-iron silicates and calcite gangue.
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Smith (1931) considered the deposits to have been formed
by. solutions emanating from the diabase intrusion. These sol-
utions were a product of late stage differentiation occurring
deep in the magma resevoir.
The gneiss and pegmatite associated with the pre-Triassic
hornblend syenite contain abundant pyrite. Pyrite is common in
unmineralized limestone. However, chemical analyses of un-
mineralized and mineralized limestone leave no doubt that most
of the sulfur in the ore was introduced to the limestone. There
is a possibility that a small amount of the ore sulfur was not
magmatic, but the effect of the minor quantity of non-magmatic
sulfur on the sulfur isotopic abundance of the ore sulfides
would be small compared to the effect of the much larger quantity
of magmatic sulfur.
Specimens Pa. 18, 19 and 20 are specimens of French Creek
ore.
Dillsburg
The Dillsburg deposits are related to diabase near the north-
western corner of the Gettysburg sill complex (Fig.9 ). A mile
or so northwest of the deposits the edge of the Triassic basin
is defined by a fault contact with Paleozoic rocks that include
much limestone. The magnetite deposits are confined to the
Triassic rocks, and occur as replacements of lenticular beds of
limestone conglomerate within red sandstone and shale. The peb-
bles of the limestone conglomerate were derived from the nearby
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Paleozoic limestones.
In the Dillsburg area the Triassic sedimentary rocks are
intruded by discordant flat-lying sheets of diabase (Hotz, 1950).
The deposits occur in a horizontal slab or plate of Triassic
sedimentary rocks which is partially overlain by a thin diabase
sheet and is underlain, and almost completely surrounded, by a
diabase sheet which is probably over 1,000 feet thick. The plate
of sedimentary rocks has horizontal dimensions of several miles
but has a maximum thickness, where measured by drill hole inter-
sections, of about 500 feet. In cross-section it appears to be
suspended in the diabase (Fig.13 )
The diabase is fine to medium grained and has a sub-
ophitic to diabasic texture. At contacts with sedimentary rocks
it is fine grained to aphanitic. Normal diabase consists dom-
inantly of plagioclase (andesine-labradorite, An to labra-
dorite, An55 ) and pyroxene (augite intergrown with minor
pigeonite). The augite is slightly altered to hornblende and
the pigeonite is mostly inverted to hypersthene. Ilmenite-
magnetite and minor sphene and apatite are accessory minerals.
A small amount of altered olivine is present in places.
Beneath the plate of metamorphosed sedimentary rocks in
which the ore bodies occur a coarse-grained pink facies of the
diabase was intersected for over 100 feet in a drill hole.
The petrology of this drill section, accompanied by 10 chemical
analyses, has been described by Hotz (1953). A portion of
Hotz's article reads as follows:
se obase
K. 6 -
s Get tys burg shale
Rted sandstone, usaole, and limes tone
I 0 2 MilescofnoeraOte lenses Contains5 Heid-2eersburg member of rosA c sAnd
A stone and quartosbe fanglomerste,
~ -~ td A gh.Cotact-metmrphosed'rocks
Fee -~near diabase show btone. u
'00 - -- Sedimentary ro0S
Scale is 2v mp scale D ry
Granophyre occurs beneath this shortdashes.heeterrd
plate, which contains the Dse al
I2V
mnagnetite deposits. -Strike and dip of beds
Fig. 15. Geologic map of the Dillsburg area, Pe.
After Hotz (1953).
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"Drill core specimens show a gradation from diabase to grano-
phyre"
"The sequence, from diabase to granophyre, includes a
chilled zone that represents an original magma of tholeiitic
composition, normal diabase, pegmatitic facies of diabase, and
granophyric diabase that is intermediate in composition and
petrographic characteristics betxeen diabase and granophyre,
and finally granophyre. Alkalies and silica increase progres-
sively from diabase to granophyre; iron increases to a maximum
in transitional granophyric diabase, then decreases in the
granophyre."
The pegmatitic facies, although not as coarse grained as
at Goose Creek and some other places, is very similar in miner-
alogy. It comprises long crystals of augite, large plagioclase
crystals, much interstitial micropegmatite, skeletal crystals
of ilmenite-megnetite and abundant apatite. The augite has
reaction rims of hornblende, and the plagioclase is turbid from
alteration.
The granophyre encountered in the drill hole is a pink,
fine-grained rock consisting principally of'anhedral to sub-
hedral feldspar and hedenbergitic pyroxene set in a matrix of
micrographically intergrown quartz and feldspar. The plagio-
clase (An5-15) is cloudy due to alteration and the pyroxene is
plumose and locally replaced by hornblende.
Walker and Poldervaart (1949) have shown that in the
Karroo dolerites there are bodies of "metasomatic granophyres"
that were formed by transfusion of sedimentary rocks by eman-
tions from the dolerite magma. In this respect, and as a point
of concern to this study, it is interesting to note that Hotz
(1953) found no compelling evidence to indicate that the grano-
phyre bodies at Dillsburg were derived from sedimentary rocks.
He stated:
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"The sharply terminated zircon crystals observed in the heavy
residue prepared from the granophyre in the drill hole is,
however, the best criterion for the origin of the granophyre,
on the premise that rounded or worn zircons could not have
crystallized from a magma."
Hotz concludes that:
".....crystal fractionation in a large sheet like body
of tholeiitic magma yielded a small amount of granophyre.
Prior to complete solidification, a residual liquid, rich in
iron, alkalies, and silica accumulated locally in the upper
part of the diabase sheet. In places volatile-rich iron-bear-
ing solutions escaped into the overlying sedimentary rocks
and deposited magnetite; the remaining liquid crystallized to
fine-grained granophyre."
The ore generally comprises magnetite with which there
are variable proportions of plagioclase, quartz, carbonate,
diopside, and chlorite. Garnet, actinolitic amphibole, pyrite,
and small amounts of chalcopyrite and pyrrhotite may also be
present.
or
Specimens Pa. 21, 22 and 23 are from the Atlander/Smeyser
Pit at Dillsburg.
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CHAPTER V1l
RESULTS
Precision
Tables 13 and 14 show the reproducibility of mass spectro-
meter analyses on individual gas preparations. These data
indicate an instrumental precision of + 0.1 per mil expressed
as standard deviation.
Tables 15 and 16 show the reproducibility of the combined
operations of sulfide concentrate ignition and mass spectro-
metric analysis. The analytical precision expressed as standard
deviation is + 0.2 per mil.
Both Tables 15 and 16 show a scatter of yields about the
90 per cent point with a range of 7 or 8 per cent. The pre-
cision of the yield determinations is estimated as + 3 per cent
(Ch. 5). Most of this variation can therefore be attributed
to experimental error. The lack of correlation between yield
and 6S values suggests that yield has little effect on the pre-
34
cision of 6S values. Yields of less than 85 per cent are con-
sidered to be due to sub-granular impurities contained within the
sulfide grains of the concentrate rather than due to random im-
perfections in the burning process. This conclusion is supported
by polished section examination and by the reproducibility of low
yields in duplicate preparations of the specimens listed in
Table 17.
The CO2 content of the gas preparation has a considerable
- 187 -
Table 13
Instrumental Precision on Standard cp 1 A
Date of Analysis : SS54 : Date of Analysis S54
-0.3
-0.3
-0.5
-0.5
-0.4
-0.3
Dec. 21,
Dec. 26,
Jan, 15,
Feb. 22,
Feb. 25,
Mar.21,
1961
"6
1962
"
"
"
Mean
Standard deviation
-0.5
-0.4
-0.4
-0.5
-0.5
-0.4
-0.4 +0.0
0.1
Table 14
Instrumental Precision on Standard Va. 1 py A
Date of Analysis 34 : Da te of Analysis 4A34
-2.9
-2.9
-3,0
-3.1
-3.0
-3.0
-3.1
-2.9
-3.1
-3.1
-3.0
Mean 
-3.0±0.0
Standard deviation 0.1
Nov.
Dec.
Dec.
Dec.
Dec.
Dec.
20,
1,
14,
15,
17,
18,
1961
"
"
"f
"f
"
Dec.
Dec.
Dec.
Dec.
Dec.
Dec.
Jan.
Jan.
Jan.
Jan.
Jan.
18,
21,
22,
26,
26,
28,
8,
10,
12,
13,
14,
1961
"f
"f.
"
"f
"f
1962
"
"t
"
"
-3.0
-3.0
-5.0
-2.9
-3.0
-3.0
-30
-3.0
-3,2
-3.0
Jan.
Jan.
Jan.
Jan.
Jan.
Feb.
- Feb.
Feb.
Feb.
Feb.
Mar.
15,
17,
18,
26,
27,
5,
7,
7,
19,
21,
21,
1962
"
"
if
"f
"f
"f
"
"
"
"f
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Table 15
Analytical Precision on standard cn 1
Preparation Date SO0/C02 Per Cent : S34
: Yield :
Nov.
Dec.
Dec.
Jan.
Jan.
Feb.
Feb.
Feb.
19, 1
5,
16,
25, 1
27,
6,
8,
10,
961
962
96/4
96/4*
92/5
90/10
95/5
94/6
92/8
94/6
Mean
Standard deviation
+0.8
+0.8
+o.6
40.9
+0.6
+0.8
+0.7
+0.4
+0.7 t 0.1
0.2
Contains 3 per cent 02and N2
Table 16
Analytical Precision on Standard Va. 1 py
Preparation
A
B
C
D
E
G
H
I
IT
K
L
M
N
0
P
R
S
T
U
Date
Nov.
Nov.
Nov.
Nov.
Nov.
Nov.
Dec.
Dec.
Dec.
Dec.
Dec.
Dec.
Dec.
Dec.
Dec.
Dec.
Jan.
Jan.
Jan.
Jan.
302/c02
5, 1961
5, "f
5, "
21, "
30, "
30, 1"
3, "
12, "
15, "
19, "
19, "
19, "
19, "
20, 
"
29, "
29, 
'I
9, 1962
18, "
25, "
27, "
95/5
96/4
95/5
94/6
94/6
95/5
96/4
95/5
97/3
91/9
96/4
95/5
95/5
94/6
91/9
97/3
95/5
95/5
92/8
St
Per Cent 334
Yield __,__34 _
87 -1.7
95 -1.9
94 -2.0
83 -1.9
92 -1.8
88 -1.9
93 -1.9
89 -2.4
90 -2.4
95 -1.8
93 -1.9
93 -1.7
91 -1.9
92 --2.2
90 -2.0
-- -1.6
93 -1.9
94 -1.9
93 -1.9
87 -1.8
Mean -l.9-0.0
andard deviation 0.2
Specimen Preparation is34 : 02/02 : Per Cent
No. Yield
N.C. 2 py A +1.2 87/13 60
B +0.3 8/11 61
N.C. 6 prht A +3.5 95/5 80
B +3.4 92/8 84
Va. 3 py A +0.2 94/6 65
B +0.1 96/4 76
Va. 5 py A -4.2 94/6 76
B -4.2 95/5 74
Pa. 11 py A -3.9 95/5 70
B -3.9 90/10 72
Table 18
Effect of High C02 Content on S34 Values
Specimen Preparation * 34 P02/Ce2 . e Cent
No.* 2 Yield
Va. 1 py
Va. 4 py
Va. 4 cp
Pa. 2 cp
Pa. 13 cp
N.C. 2 py
M 439
M 438
M 349(impure)
M 229(impure)
+2.3
+2.0
4 0.7
+0.1
+1.2
-0.1
+2.2
+0.9
+0.9
+- 0. 9
87/13
84/16
77/23
49/51
86/14
93/17
87/13
89/11
88/12
55/45
88/12
85/15
82/18
Table 17
Reproducibility of Low Yields
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effect on the precision of 6S34 values. Tables 15 and 16 show
that CO2 contents of up to about 10 per cent have little ef-
fect. In contrast, Table 18 shows that CO2 contents of more
than about 10 per cent can cause a noticeable effect. In
Table 18 specimen Va. 1 py is not consistent with the data in
,Table 16, specimens Va. 4 and Pa. 2, both of normal intrusive
diabase, are anomalous compared to other specimens in Table
22, specimens Pa. 13 and N.C. 2 do not give reproducible S
values, and the meteorite specimens (designated M) are anoma-
lous compared to Table 21. The normal tendency of high CO2 is
to increase the difference between the observed mass spectro-
meter ratios for the sample and standard, i.e., (R - Rt) in
Eq. 16, Ch. V. Since the secondary standard used in this work
had a 6S4 value of -2.3, relative to the primary standard, the
effect of high CO2 is to make 6S34 values on the positive side
of -2.3 more positive than they should be and to make 6S34
values on the negative side of -2.3 more negative than they
should be. Although some preparations containing more than 10
per cent CO2 do not give anomalous results, all preparations
with more than 10 per cent CO2 have been omitted from the cal-
culation of averages in the data tables. The effects of CO2
present in amounts less than 10 per cent are accounted for in
the analytical precision which was calculated from Tables 15
and 16, which show CO2 contents up to 10 per cent.
Table 19 compares the 6S values of sulfides extracted from
a rock specimen without the use of flotation and sulfides ex-
tracted from the same specimen with the aid of flotation. In-
N.C. 1 py
Va. 1 py
Mass. 3 Py
Mass. 5 py
-3.6
-1.9
-7.9
-5.3
-3.5
-1.5
-8.6
-4.9
Analytical precision 0.2 per mil in standard deviation.
Table 20
Interlaboratory Standards
Specimen Preparation: S02/ : Per Ceni 3  S32 /s34
No. : Yield :
G.S.C. Std.
RB 1474 -
b - 52
pyrite
(2)
Std. 2 XIII
chalcocite
95/5
93/7
95/5
94/6
94/6
92/8
+1.4
+ 1.2
+1.0
+0.7
Mean +1.1 t 0.2
-0.3
-0.1
Mean -0.2
(1) Wanless (1961) repurted S =+ 2.7 per mil.
Nakai (1962) reported S + 2.0 per mil.
(2) Ault (Personal communication to .L. Jensen) reported
S! ...0.5 per mil.
Jensen (1962) reported 3S= -0.5 per mil.
Nakai (1962) reported 4S3 +0.1 per mil.
22.19
22.19
22.20
22.20
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Table 19
Comparison of Sulfides Etracted With and Without Flotation
Specimen : 6 S34 with : 4 without
No. : flotation flotation
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sufficient data is presented for a statistical demonstration of
whether or not the xanthate flo, tation reagent, which contains
sulfur, caused contamination. The erratic agreement between
the 6534 values of each pair of specimens and the fact that in
three of the four cases the differences are close to or within
the precision limits suggests that contamination, if present,
is a relatively minor effect.
A chalcocite standard used by Ault at Lamont and by
Jensen at Yale and a pyrite standard used by Wanless, at the
Geological Survey of Canada, were prepared during this study
for the purpose of interlaboratory calibration. The results
are given in Table 20.
Meteorites
No significant difference was found among 6 meteorites,
including Canyon Diablo (Table 21). These results are in good
agreement with more extensive data on meteorites obtained by
N. Nakai, Yale University (Nakai, personal communication) and
by Thode et al. (1961).
Intrusive Bodies
The data obtained from sulfides extracted from normal dia-
base from intrusive bodies is given in Table 22. Table 23
presents a comparison of 6S 3 values of different sulfides ex-
tracted from the same specimen of normal diabase. The abnormal-
ly large difference between chalcopyrite and pyrite for speci-
men Md. 1, Table 23, is suspect because the CO2 content of the
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Table 21
Meteorites
M-eteorite and Preparation ' 02/C02  : Per Cent S 5 4Specimen No.: * : Yield
Roebourne
Australia
Iron
M 291
94/6,
77/5*
80/6
92/8
90/10
Contain N2and 02 from air contamination
92/8
92/8
95/5
92/8
Youndegin
Australia
Iron
M 391
Chupaderos
Mexico
Iron
M 439
Muonionalusta
Sweden
M 438
Drake Creek
Tennessee
Stone; M 34c
Canyon Diablo
Arizona
Iron
93/7
90/10
92/8
94/6
93/7
94/6
95/5
92/8
93/7
+0.2
+J.2
40.2
+0.0
0.0
Mean 40.1+0.1
+0.5
+0.0
-0.1
-0.3
Mean 0.0.0.2
+0.4
+0.2
+0.3
40.1
Mean +0.3±0.1
+0.3
+0.2
+0.2
+0.0
Mean 4 0. 20.1
+0.3
Mean 0.0
Grand Mean +0.2t0.1
Analytical precisiont0.2 per mil.
Specimen numbers of the Department of Geology, Yale University
meteorite collection.
5peeifsa: Latitude
No. : Longitude Specimen Descriptica and Sample Type *
Conentrate Per Cent : 8 of
Mineral Purity : /00 : Yield : S32/
N. C. 1
py(a)
p(f )
35034,36- N
78*5849" w
91%py
Fine- to medius- grained diabase dike. Chips from residual boulders.
1 22.30
22.30
-3.5
-3.6
-3.6
N.C. 2 35033,41" N
790 51440 w
py A 95$ py, 3$ ep
N.C. 4 3419959" N
7902622" W
op 90$ ep, 10$ py
N.C. 5 3 6 *2 1 1 N
800 it w
op 85. op, 3$ py
py 95$ py
N.C. 6 350591 N
780541 i
op A 8 op, 5$ py
py
prht A
9
Md. 1
py
op
prht
95$ py. ?. op
90$ prht,10.$ op
;a 2716" N7720136" w
95$ py. A op
,%$ op
85$ prht, 3$ cp
Medium- grained diabase dike. Bulk simple from single boulder.
87/13
89/U1
Fine- grained diabase dike. Bulk sample from 2 boulders.
94/6 22.17
Fine- to medium- grained diabase dike. Chips from residual boulders. '
91/9
95/5
22.27
22.26
Medium- grained diabase dike about 200 ft. thick. Chips from 16 sq. ft.
96/4
95/5
96/4
96/4
92/8
22.16
22.14
22.15
22.14
22.15
42.7
+3.7
+3.1
+3.5
+3.4
North Caroline Mean
Iedium- grained diabase dike 270 ft. thick. Bulk samnle from center of dike.
90/10
96/4
22.19
22.25
22.28
Fine- to medium- grained dinbase dike. Chips from blocks blasted from
railroad out.
95/5 81 22.25 -1.5
- see Table 17 - 22.26 -1.9
Fine- grained dirbase dike. Chips from 16 sq. ft.
94/6 22.25 -1.4
Fine- grained diabase. Chips from blocks bleasted 'rom rfilroad out.
94/6
96/4
91/9
87/13
22.22
22.22
22.21
+0.2
-0.1
+0.5
+0.6*
Va. 4 38020, 36" N
70* 2$ 24"
py 904 py, 10'/ op
op 251. op
Fine- grained hyperathene diabase sill. Chips from quarry blocks.
84/16
77/23
42.3*
+2.0*
Va. 6 39* 4119" N Goose Creek. Normal diabase. Dark grey, fine- grained. Comprises about
770319246 W 50$f. plegioclase, 50$ ferro-megnesian minerals and minar interstitial
4uartz-orthoolase micropegmrtite. Chips over 20 ft.
;y 50$ op 93/7 -- 22.21 40.4 +0.4
Virgini- Mean
+1.2*
+0- 3*
+2.2 + 2.2
-2.2
Va. 1
3.3
0.0
370 19 N
790211 W
py(m) 97i py
py(f) 10'/ py
+1.5
-1.5
-2.5
-0.8
Va. 2
prht
Va. 3
py A
B
ep
prht
37048' 4 N
78 29' w
99$ prht
38020'18" N
78 0 3 w
100$ py
75$ op
45$ prht, 15$ ep
40.3
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Table 22
Intrusive Bodies; Normal Diabase
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Table 22 - continued
apecimen Latitude :
No. Longitude pacia Description and Sample Type.'
Genden ats !r 1 ts Av. 34
L~ne"SO I Ftit YPfel J p8
-0tyorc8i. ?ngru h
py 9Vy
ogE 74 N
76 04t 3 W,
Op 90Qte;
we 12 40 ;PO4 V
pg q;;nt3.40w
We, 1, ~ 7392's6" N
qp 4 8% c'
Ay
,Pt* 0
pg &
2 14i118 from r.'Z1inal ai t
&alW saap14 rnto 2 - c z e
90 45
1 1 t haiti f tilt.
* 0.2:
Yor 'h'w-r. sil-l, h. tatlnvd A!- v~tvc., "kipr fi- c.. guuny bln46ks .
,.? I V ng2
LbtonO n dlk% Fa-rtdp diba.epegC al d fi d0k4 #415 otk
014p5 from 2@ # m4, a~g i eifty of 41km
bin't Fbii51*e l deer B4ds p o. Nrnid dtnabse fMonetaa Tr Rb*k y
y d* medil .ruimeA7 crnptisme abwpt 5,i$ plngidl* an _6$
flnrossia esan atunaasa Skips frm " es. ft.
896/14 jc
Si*91ly u body- i wataed dtiwbaba
Shipk- fr*q-tr lc-
95/5
Re2j22
RinM
*0.21
I "0,A
r5 vi 4 ior' # ablten MNuetatn t iO' b.o my intdte
,4456. 4' ' Chips over 30 ft.
Op 95. op 90/10 78 22.22 +0.1
Pennsylvania Mean
40023948" N
74057142" W
py 99$ py
op 75$ op, 2$ py
-0.2
+0.1
+1.5
-0.1
0.1
* 0.1--
+0.3
Mount Gilboa. Fine-grtined chilled diabase from near northern c-ntsct.
Chips from talus blocks.
95/574 +7.2*
90/10 - -- +6.5*
40023142" N :.ount Gilboa. Lambertville Quarry Co. quarry. Medium-grained diabase.
74057130" W Grab sample from crushed rock pile.
ep 90. op 94/6 72 22.20 4 0.7
40023142" N
74 37124" W
py 97$ py.3bornite
op 88$ op, 2$ py
op 85$ op, 10$ py
Rocky Hill sill. Kingston Trap Rock Co. quarry.
Grab sample from crushed rock pile.
93/7 -- 22.23
95/5 89 22.20
-0.4
+0.8
+0.7
-0,2
Palisades sill. Chillid dinbase near basl contact. See Table
for full description. Chips over 30 ft.
91/9 - 22.21 +0.3 +0.3
New Yersey Mean+0.4
Coma. 15
Py
op
41020148" N
72 4336" W951 py
95$ ep
edium-grained diabase dike. Chips over 65 ft.
93/7
88/12
22.17
Instrumental precision ±0.1 per mil in standard deviation.
Over-all analytical pre-cislc. ±0.2 per mil in stvndnrd deviation
* Unless otherwise indicated the sulfides oecur as very small uniformly disseminated grains.
These data are not included in averages because of high 002 Oontent in gas preparations.
(a) Refers to concentrates of sulfides extracted from specimens without floatation.
(f) Refers to concentrates of sulfides extracted from specimens by floatation.
'A or B Designates separate gas preparations of the same concentrate.
R'ao '
Pa.i 9
N.J. 2
N.J. 3
N.J. 4
N..T. 6
+2.1 +2.1
+1.2* =
GRAND MN +0.1± 0-4
Standard deviation 1.6
77
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Table 23
Comparison of Sulfides From Same Specimen, Normal Diabase
Specimen S534 4 S334 : AS3 4  : 4,34
No. : Pyrite :Chaloopyrite: Pyrrhotite (py - cp)
N.O. 5
N.c. 6
Md. 1
Va. 3
Pa. 6
Pa. 9
Pa. 16
N.J. 4
N.J. 9
Conn. 15
Means
standard
deviations
-1.8
+3.)1
+1.5
+0.1
40.4
-0.2
-0.1
-0.4
-0.0
+2.1
+0.5 !0.4
-2.2
-t3.2
-1.5
+-0. 5
-0.2
4.0. 2
+0.8
41.2
+0.2 *0.5
1.4 1.5
4 3.4
- 2.5
to. 6
40.4
-0.1
-0.4
-0.6
-0.6
- 0.
-1.2
4-0.1
+ 0.9
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chalcopyrite preparation was unknown and that of the pyrite
preparation was barely within the acceptable limit. The com-
parison for specimen Pa. 6 is not strictly acceptable because
the pyrite preparation contained 12 per cent CO2. In both
cases the effect of CO2 would be to increase the difference
between chalcopyrite and pyrite. Nevertheless, the difference
of the means, including specimens Md. 1 and Pa. 6, is within
the limits of analytical precision and the standard deviations
are similar. Since there is no significant difference between
different sulfides in the same specimen (with the exception
of N.J. 4 and possibly Pa. 6, Pa. 9, and Md. 1) equal weight
has been given to the 6534 values of different sulfides from
the same specimen in calculating the averages in Table 22.
Statistically this procedure is a rationalization, but since
the relative abundances of different sulfides in the same
specimen were not determined in this study there is no alter-
native. The error, if any, will be too small to affect the
conclusions derived from these results.
Differentiated Intrusive Bodies
Table 24 summarizes the data obtained from various rock
types from differentiated intrusives. It includes a comparison
of the 6S34 values of chalcopyrite and pyrite from the same
specimen.
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Table 24
Differentiated Intrusive Bodies
Specimen Latitude
No. Longitude Specimen Description and Sample Type *
Concentrate Per Cent
Mineral Purity S02/C02  Yield S
32 /,3 4  S3 4  : S3 (py - ep)
Belmont Stock, Goose Creek, Va.
390 4119" N
7
0 3124" W
op 50$ op
py 9S py, 2$ op
ep 90 cp
Normal diabase. Dark gray, fine grained; comprises about 50$ plagioclase
and 50$ ferro-magnesinn minerals, with minor interstitial quartz-
orthoclase micropegmatite. Chips over 20 ft.
93/7 -- 22.21 +0.4
Diabase pegmatite. Medium grey, coarse grained, porphyritic; comprises
plagioclase, quartz-orthoclase micropogmn:tita, and pyroxene phenocrysts.
Chips from quarry blocks.
93/7 87 22.16 +2.6
95/5 97 22.19 +1.4
Albite pegmatite. Pinkish grey, medium rrained; comprisess adic plagioclase,
quartz-orthcclase micropegmatite, free orthoclase, and pyroxene partly
altered to amphibole. Chips from quarry blocks.
py 95$ py 96/4 90 22.10 +5.4
cp 90$ cp, 4$ py 96/4 91 22.15 + 3.0
N.B. Va.7 and Va. 8 occur in irregularly shaped bodies, with dimensions
+1.2
+ 2.4
from several feet to several
In one place a sharp contact
normal diobase. In one pl-ce
between Va. 7 and Va. 8.
tens of feet, within normal diabase.
was observed between Va. 7 9nd
a gridattonal contact was observed
savm comprising a one inch thick bnnd of emphibole and a two
bind of plagioclase, orthoclase, and ferro-nngnesian minerals.
92 21.9 +11.2
93 22.04 +8.3
Pa. 4 39049100" N
77013948" W
ep 25- op
Pa. 5
py & op
3905 0 124" N
4 010924" W
py, 20$ op
Gettysburg Sill, Pa.
Medium-!rained quartz diabese. Chips from residual boulders.
90/10 22.20
Medium-grained anorthositic diabase. Chips from 15 sq. ft.
93,/7 22.22
39050918" N
770109 6" W
py 90$ py
cp 80$ op
Pa. 13 40014,55"
75049910"
sp B 85 ep
Pa. 14
py 85% py
ep 90% ep
Pa. 15
Very fine-grained chilled selvage at base of sill.
Bulk sample from 2 boulders.
88/12 45 --
90/10 -- 22.22
+ 0.4 *
-0.2
Saint Peters Sill, Birdsboro, Pa.
John T. Dyer Quarry Company's Trap Rock Quarry. Normal diabase.
Dark grey, medium grained; comprises about 50$ plagioclase and
50$ ferro-magnesian minerals. Chips from 75 sq. ft.
93/7 90 22.22 -0.1
Trap Rock Quarry. Medium gray diabase. Medium grained, but
distinctly coarser than normal diabase; comprises about 4 $
plagioclase, 30$ pyroxene partly altered to amphibole, 20 orthoclase,
5$ micropegmatits. Bulk sample from I sq. ft.
-- 22.03 48.1
-- 22.19 +1.6
Trap Rock quarry. Six inch thick splite dike intruding normal
diabase. Pinkish grey, fine grained; comprises about 60$ orthoclase,
30% plagioclase, and 10% ferro-magnesian minerals. Bulk sample
of about 1/3 cu. ft.
py 98% py 95/5 88
ep 904 cp,4$ py 94/6 87
22.03
22.12
+8.4
+4.6
Va. 6
Va. 7
Va. 8
Va. 9
py 97p
op p
Alteration
inch thick
95/5
95/5 +2.9
Pa. 6
+ 1.0
+0.1
+7.1
+3.8
,11111~~-
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Table 24 - continued
apelsama : Latitude
No. : Longitude Specimen Description and Sample Type **
: Concentrate Per Cent
Mineral : Purity 802/002 Yield SA32/M s34 34 (py - op)
Palisades Sill
N.J. 6 Very fine-grained chilled zone 5 to 10 ft. above base of sill. Sample
carefully inspected for sulfides along cracks. All sulfides uniformly
disseminated. Chips over 30 ft. Hendrick Hudson Dr., 600 ft. north
of Geo. Washington Bridge.
ep 85. op, 10 py 91/9 - 22.21 +0.3
N.J. 7 Fine- to medium-grained normal diabase from 20 ft. below olivine
layer. Chips from 75 sq. ft. Ross Dock traffic circle, H. Hudson Dr.
op 90% cp 91/9 65 22.22 -0.2
N.J. 8 Olivine layer. Chips from 15 sq. ft. in lower half of olivine layer.
Ross Dock traffic circle, H. Hudson Dr.
op 70% op 91/9 -- 22.22 -0.1
N.J. 9 "edium-grained normal diabase from about 150 ft. above base of olivino
layer. Chips from 100 sq. ft. Ross Dock traffic circle, H. Hudson Dr.
py 990 py 91/9 80 22.22 -0.0
op 80% op 93/7 - 22.22 -0.1
N.J. 10 Pegmatitic diabase from one of the irregularly shaped bodies of
pegmatitic schlieren near the top if the sill. Chips from 100 sq. ft.
South side of Route N.J. 4, 1.3 mi. from west end of Goo. Washington
Bridge.
op 98$ cp,2% bornite 91/9 71 22.22 +0.2,
N.J. 11 Fine-grined two inch thick stringer of aplite in norrml dinbase. Obtained
from large piece of talus above olivine layer. According to K..R. Walker
( written iommunication, March 1962) the diabese in which the stringer
occurs is of the type generully found a short distance above the olivine
layer. The aplite consists of chiefly la guati and dma tots xe .
Ross Dock traffic circle, H. Hudson Dr.
py 90% py 93/7 90 22.U1 44.9
N.J. 12 Three inch wide calcite vein, contpining massive sulfides, cutting
olivine layer. Ross Dock traffic circle, H. Hudson Dr.
py 99 py 93/7 -- 22.14 .+3.6
op 99$ op 95/5 89 22.26 -1.8 +5.4
N. J. 13 Calcite vein, containing massive sulfides, cutting nornal diebase
at least 150 ft. above base of sill. Exposed in excavmtion for
construction of loer level approach to 3eo. Laing ton Dridge,
Fort Lee. Exposure no lcnger necossible.
op 99'. op 95/5 90 22.29 -3.1
Instrumental precision ±0.1 per nil in standird deviation.
Over-all anilyticul precision 10.2 per ail in stindard deviation.
** Unless otherwise indicated sulfides occur as small uniformnly disse'minated ,rains.
* Probably slightly on the positive side of the correct value due to high 002.
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Cornwall Type Deposits
Isotopic compositions of sulfur in sulfides from three
Cornwall type magnetite deposits are presented in Table 25.
This data was obtained some months before the other data
presented in this report. The sulfide ignition and instrumental
techniques were subsequently improved. The precision of the
SS34 data in Table 25, obtained from 10 contemporary prepara-
tions of standard CP 1, is + 0.7 per mil, expressed as standard
deviation. This precision is poor, but the variation in 6S34
values is much larger than the precision range. The low pre-
cision is allowed for in the conclusions derived from this data.
Extrusive Bodies
The data obtained from extrusive rocks is presented in
Table 26. The comparison of 6S34 values between pyrite and
chalcopyrite for specimen Mass. 3 is not valid because the CO2
content of the chalcopyrite preparation was 13 per cent. In ac-
cordance with the previous discussion on the effect of a high
CO2 content, the 6S34 value of the chalcopyrite is probably more
positive than shown, so the difference between pyrite and chalco-
pyrite should be greater. In view of the analytical precision
limits the difference between pyrite and chalcopyrite shown in
Table 26 appear to be real, however, the reversal of the trend
in specimen Conn. 5 and the small number of comparisons avail-
able preclude a statistically sound conclusion.
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Table 25
Corawall Type Magnetite Deposits
Specimen Location and J 34
No Lindgren Collection No,
Pa 18 py French Creek; 7810 +8.2
Pa 19 py French Creek; 7818 -0.2
Pa 20 py French Creek; 7822 +7.2
cp +6.4
Pa 21 py Dillsburg, Atland or Smeyser Pit; 7794 +4.7
Pa 22 py Dillsburg, Atland or $meyser Pit; 7790 +8.2
Pa 23 py Dillsburg, Atland or Smeyser Pit; 7789 +2.7
Pa 24 py Cornwall; 7762 +10.3
Pa 25 py Cornwall; 7748 +17.0
Pa 26 py Cornwall; 7750 + 9.9
All concentrates about 100 per cent pure.
Analytical precision !0.7 per mil.
20,2-
Table 26
P ier bodies
Specimen :latituqe
No. - dongitude Specisne Descrigt ic and Esiies Type *
: Onentrate P er Gent
Mnerl : urity 3902 ll4s/3 0 ' 4s3( (py + ap
U.5 38 '
77 44,
jA-1 "pr1
.5 5
Pr.
QDamn. 5
pyp
uonn. 4
py
OuP-
Oono. 5
py A
B
40439 6" N
74*2759.- 1
98% py
4145648" N
4t# W
py
65$f cpj10% py
41056,?36' N
72
0
44'2.3' w
.9W9. py
904 op,lAo pyr
C ,904 N
704390e a
99$ py
Bz2 .J%, Py
Very fie-gmaired basalt. bome pyrite ocres in lentoeular modes to Z M.
it dtadetat. Podsae und mraly distributed krid not asodistd6 Wth
fractures. hips frm Soik g t-" .
W774 22.,1 -4.2
seood ilsictung. rut Pinie-ftnbd bast.t chipser 20 sq. ft.
22.34
Talcoti flow. Doeinaatly eptanitie veiseular 1a4lt.
Chips over 10 ft.
95/5 92 22
92/0- 2.
45.
-13.4
'"-1ut
Holyoke floW. Fine-zrained non-rvenicla: -alt. Chips oir
130 ft. rensenti.u bs'.t 35 ft. (streIrhes' ner . f flo
94/6 88 22.3539
90/1. 71 22. 30 -3
fazd h flo Aphant c noyesi&,aer C.. i- i - .- "1
io phanerysat. Calps ever 12 ft.
86 4 22.17 M +
9/3 89 22.17 *2.3
- 1022.-4(
Gonnw- 41 335"'0 N Talctt fi,
Py 90 py,10% boctnita 94/6
&p 75% op W
Cannre 8 41*34' 7" N
72*43,l19 W
p7 100f. py
v,. ApflaAtic vesicular basalt, Qhie -vez 60 ft.,
2248
nj609/11
-7.3
liblyne flow. fine-prrdrei-d n-stula bssa4t hips oar 700 q. ft.
95$
Coca. 9 41930t36* N Maden flow. Dtnoatly aphantic non-ee ieul r basalt.
720a 43111- N Oem oer 55 ft
ep 50% ep
'-1
1a7
ss, I. 42*2305 N
72*19'50 &
Py 95. py
goss. .4 4229' 2" N
op 90%op
Mas.. 5 420}4 9P N
72 35'13" W,
pr {) 801. py
Cr) 91. p
OT 6$ cp
Nolyoke flow. Fine-grriued non-taste Ati basalt. APMo AulIde ocUrs
s flaky coatinos along tirht fruatrour Chips over 10 sq. ft.
-- 22.30 -3.
Dbeeriad fdi. finri-graitned ndn-ve iCular basalt. ip" oter 25WP q.
!P17 22.3
Deerfield flow. fine-graind slightly vesicular baat. Soe
sulfide occurs as flaky coatings along tiyjit fractures. Chips
over 12 ft.
9/-- '22.33
92/8 90 22.-4
-- -- 22.32
92-
-54,3' -
4c6
ustrental prec'ision ± Q.1 par 41 in standard deviation.
Over-all MAsaytic^l preciiion ±0,2 per il .in st--ndard deviation.
* Uless otherwise indicated sulfides occur as very Small uniformly diseminated grins.
* Probebly slightly on the negative side of the correct value due to high 002.
(a) Refere to concentrates of sulfides extracted from specimens without floatation.
(f) Refers to cocentrates of eulfidet extracted trom specimens by floatation.
A or A Pesignates separate gat propertiors of the same concentrate.
-01.6
2.3
.3.3
.0.5
'q'wy5
Table 27
Probable Extrusive or Hypabyssal Bodies
Spe en Litude . Specimen Description and Sample Type
Mineral Concentrate : SO2/CO 2  Per Cent : 321 :34 : Av. j S34 ofpurity 2: Yield Specimen
Pa. 3
prht A
B
Pa. 7
py
prt
Pa. 11
py A
B
39057 301 N
770 8'36" W
95. prht
400 6 28" N
76057 41 W
951. py
951 prt
39059'13" N
7 6 0 38 1 5 0 W
98. py
Gettysburg complex. Aphanitic to very fine-grained
Chips from residual boulders.
92/8 82 - 4.1
-- -- 
-4.0
olivine basalt.
-4.2
Appendage to Gettysburg complex. Fine-grained diabase, probably
from a chilled selvage. Chips from boulders.
94/6 78 22.30 -3.8 -3.6
94/6 68 22.30 -3.5
Stonybrook dike. Fine-grained d.iabase. Chips from 25 sq. ft.
near center of 50 ft. thick dike.
95/5
90/10
22 * 31
22,31
-3.9
-3.9
-3.9
Sulfides occur as very small uniformly disseminated grains.
Instrumental precision t 0.1 per mil in standard deviation.
Analytical precision 10.2 per mil in standard deviation.
A or B designates separate gas preparations of the same concentrate.
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Probable Extrusive or Hypabyssal Bodies
Specimens Pa. 3, Pa. 7, and Pa. 11 were collected from
bodies initially thought to be intrusive. Sulfides from
these specimens have 6S34 values typical of sulfides from ex-
trusive bodies. A second consideration of the field data
showed it was not unreasonable to consider these rocks to have
formed on or near the earth's surface. Accordingly they have
been listed separately in Table 2. The reasons for this inter-
pretation are discussed in Ch. Vill.
The following figure summarizes the data in Tables 21,
22, 24, 25 and 26,
Meteor'ites
A. - Normal diebase
pyrite Pegmatitic diabese
same specimen (including Ault's pyrite
chalcopyrite HRS 6)
pyrite - - -e - Albite pegmetite, aplite,
h amcop e sem N* alteration and carbonate
chalcopyrite 
- -' ' veins
Cornwall type deposits
- Extrusives
20 15 10 5 0 5 10 15
+ S S34 per mil
Fig. 14 The isotopic composition of sulfur in meteoritic troilite and in
gulfides in the igneous rpcks of the Newaric group and Cornwall,
type mtgtite deposits.
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CHAPTER VIII
DISCUSSION OF RESULTS
Meteorites
The mean 6S34 value of troilite from six meteorites
(Table 21) is +0.2 + 0.1 per mil. Comparison with data obtained
by other workers, in Table 2, suggests that this value is several
tenths of a per mil too positive. In view of the possibility
that variations of +0.2 per mil exist among meteorites (Thode
et al. 1961), this discrepancy might be due to the small
number of meteorites sampled for this investigation. On the
other handit may be the result of a small amount of isotopic
fractionation during the preparation of SO2, in which case the
error would be common to all the data presented in Ch. VII. In
either case the discrepancy between the date in Tables 2 and 21
is not large enough to alter the conclusions stated below.
Normal Diabase from Intrusive Bodies
Wherever possible specimens for this study were collected
from localities that are described in the literature. In some
cases this previous work has been useful in interpreting the data
presented in Ch. V11.
The mean 6S34 value of sulfides extracted from normal dia-
base of intrusive bodies (Table 22) is +0.1 + 0.4 per mil. This
mean is within analytical error of the mean 6S34 value of troi-
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lite extracted from six meteorites (Table 21). Insufficient
data is presented to make the mean for each area statistically
meaningful. Nevertheless, the data does suggest that there is
no important change in 6S34 values from one area to another.
No significant difference is found between the 6S34 values of
pyrite and chalcopyrite from the same specimen.
The proportions of the different sulfides present in a
single specimen were not considered in the calculation of the
mean 6S34 value for each specimen, nor was each intrusive body
sampled throughout so that its mean 6S34 value could be rigor-
ously calculated. The similarity in 6S34 values of different
sulfides from the same specimen justifies assigning equal weight
to the 6S34 values of each sulfide concentrate in calculating
the mean for a single specimen. Specimens of normal diabase
were collected from both marginal and central portions of in-
trusive bodies of greatly different sizes. The uniformity of
6S34 values shown by these specimens, and the lack of isotopic
fractionation during the early to middle portion of the crystal-
lization histories of the Palisades and Gettysburg sills, indicate
that little isotopic fractionation of sulfur occurred during the
crystallization of normal diabase. In other words, the isotopic
composition of sulfur in each specimen of normal diabase closely
approximates the isotopic composition of sulfur in the magma at
the time crystallization began. It is therefore unnecessary to
sample an intrusive body throughout to obtain the isotopic composi-
tion of sulfur in the initial magma. It does not follow that
the 6S34 value of normal diabase is equal to the mean 6S34 value
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of the corresponding intrusive body in its present form. The
results from differentiated intrusive bodies and the Cornwall
type deposits indicate that late stage magmatic emanations may
be enriched in S34 . The amount of isotopically fractionated
sulfur lost through magmatic emanations therefore would deter-
mine the degree to which the mean 6S34 value of the solidified
body indicated the 6S34 value of sulfur in the magma before
crystallization began.
Lewis (1908) and Walker (1940) found evidence against
assimilation of intruded rock during the emplacement of the
Palisades sill (see Ch. 6). Hotz (1953) found evidence against
assimilation of intruded rock as a factor in the development of
granophyre in the diabase body at Dillsburg, Pa. (see Ch. 6)
Neither Lewis (Stose and Lewis, 1916) nor Shannon (1924) con-
sider the possibility of assimilation in their descriptions of
the Gettysburg sill and Goose Creek body respectively. Still,
the possibility that some crustal sulfur was added to the
Newark magmas during their passage through crustal rocks cannot
be denied. However, the general uniformity of the 6S34 values
throughout such a great distance indicates that, with the ex-
ception of a few cases mentioned below, the amount of crustal
sulfur added was so small as to not appreciably affect the is-
otopic composition of the original magma sulfur. The Newark
basins are underlain by a variety of basement rocks. The distri-
bution of sulfur isotopes among these rocks is certainly not
uniform. It is therefore unreasonable to suggest that the uni-
formity of 6S34 values for the intrusive rocks has resulted from
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contamination of magmas in different parts of the Newark area
by the proper quantities of crustal sulfur of the proper isotopic
composition such that uniformity was maintained throughout the
area.
The 6S34 value of specimen N.J. 2 is about +6 per mil higher
than the mean and about +3 per mil higher than any other speci-
men listed in Table 22. It is also inconsistent with specimen
N.J. 3, which was collected from the same intrusive body. Speci-
men N.J. 2 was collected from fine-grained diabase near a con-
tact. There is no apparent reason for the anomalous 6S34 value,
and it is therefore attributed to local contamination from the
nearby Newark sedimentary rocks. Specimen N.J. 2 has been omitted
from the averages given in Table 22.
The wide spread in 6S34 values of the North Carolina speci-
mens, as contrasted to the narrow spread in other areas, is
unaccounted for. Contamination is a possibility. The dikes
from which specimens N.C. 1 and N.C. 4 were collected both inter-
sected coal bearing beds at depth (see Ch. 6). Since the 6S34
value of N.C. 1 is low and of N.C. 4 is high, contamination by
sulfur from the coal beds can account for only one, and not both
of the divergent 6S 34 values. Specimen N.C. 5, also from a dike,
was collected from a point some distance below coal bearing
beds, yet it too, has a divergent 6S34 value. Preparations N.C.
2 py B and N.C. 3 cp contained slightly too much CO2 to give re-
liable 6S34 values, nevertheless, they further indicate, but in a
qualitative way, the range of sulfur isotopic composition in the
North Carolina specimens.
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Arguments have been given to justify the conclusion that
the S34 values of specimens reported in Table 22 closely ap-
34
proximate the 6S value of the sulfur in the corresponding
magmas before crystallization began. The apparent similarity
in the isotopic composition of sulfur in the intrusive magmas
throughout the Newark area has been noted. Evidence for a
sub-crustal origin for the Newark group igneous rocks has been
given in Ch. 4. It is concluded that during the Late Triassic
the isotopic composition of sulfur in the upper mantle beneath
the Newark basins closely approximated +0.1 per mil. Within
the limits of analytical precision this is identical to an
average 6S34 value of +0.2 per mil obtained for six meteorites.
Differentiated Intrusive Bodies
Four differentiated intrusive bodies have been sampled:
the Belmont stock at Goose Creek. Va., the Gettysburg sill,
the Saint Peters sill near Birdsboro, Pa., and the Palisades
sill. The petrology of each has been summarized in Ch. 6.
The data obtained from these bodies is given in Table 23.
Gettysburg Sill
Unfortunately a sample of aplite collected from the
Gettysburg sill yielded no sulfides. Specimens Pa. 4, Pa. 5 and
Pa. 6 are of quartz diabase, "anorthosite", and very fine-grain-
ed diabase from the chilled margin at the base of the sill res-
pectively. These specimens contain sulfides with 6S 34 values
similar to sulfides from normal diabases. The S34 content of
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the sulfides does increase from the chilled margin to the
"anorthosite" and from the "anorthosite" to the quartz dia-
base but the change is within the range displayed by normal
diabases and cannot be interpreted as meaningful. The "anor-
thosite" and quart diabase were collected from the lower half
of the sill. The 6S34 values therefore indicate little, if
any, isotopic fractionation of sulfur during the early to
middle portions of the crystallization history of the Gettys-
burg sill.
Palisades Sill
Specimens of-the Palisades sill were collected from the
basal chilled contact, normal diabase below the olivine layer,
the olivine layer, normal diabase in the central portion of
the sill, pegmatitic schlieren, an aplite dike, and several car-
bonate veins (Fig. 11). Sulfides from all specimens except the
aplite dike and a carbonate vein cutting the olivine layer have
6S34 values similar to 6S34 values of normal diabase from other
Newark group intrusive bodies. Sulfides from the aplite dike
and carbonate vein in the olivine layer are distinctly enriched
in S34 relative to sulfides in the other specimens. Chalcopyrite
from specimen N.J. 13, a carbonate vein in normal diabase, is
anomalous in that it is enriched in S32. This specimen was not
collected by the'author and there is reason to doubt its alleged
source.
In contrast to chalcopyrite from specimen N.J. 10, from one
of the pegmatitic schlieren, pyrite from very coarse-grained dia-
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base analyzed by Ault (Ault and Kulp, 1959, specimen HRS 6) is
distinctly enriched in S34 (6S34 equal to +7.2* per mil).
Data from the Palisades sill indicate that the isotopic
composition of sulfur in the cooling magma from which the sill
was formed remained essentially constant until at least about
one-quarter of the magma had solidified. During the late stage
formation of carbonate veins and aplite, and at least of some
pegmatitic schlieren, sulfur was isotopically fractionated, with
pyrite in the late stage phases becoming enriched in S34 by
3 to 7 per mil.
The carbonate vein in the olivine layer contained both py-
rite and chalcopyrite. Pyrite from this vein is enriched in
S34 compared to the chalcopyrite. The same phenomena is ob-
served in late stage phases at Goose Creek Va. and Birdsboro,
Pa. The contrasting 6S34 values of Ault's pyrite from coarse-
grained Palisades sill diabase (Ault and Kulp, 1959, specimen
HRS 6) and the chalcopyrite from pegmatitic diabase analyzed for
this study (specimen N.J. 10) are in agreement with this trend.
Belmont Stock, Goose Creek
Specimens of normal diabase, diabase pegmatite, albite peg-
matite, and a hydrothermal alteration seam were collected from
the differentiated Belmont stock at Goose Creek, Va. These
rocks were formed in the order in which they are listed. The peg-
matite rocks comprise a small volume of the stock and were formed
late in the crystallization process. The albite pegmatite is rich
in alkalies and silica. The hydrothermal stage, during which the
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alternation seams formed, overlaps the pegmatite stage (Shannon,
1924; see Ch. 6). The sulfides contained in these rock types
show an increase in S34 content from a 6S34 value of +0.4 per
mi for chalcopyrite from normal diabase to +8.3 per mil and
+11.2 per mil for chalcopyrite and pyrite respectively from the
hydrothermal alteration seam. Pyrite from specimens of the
pegmatite and the alteration seam is enriched in S34 relative
to chalcopyrite from the same specimens.
Saint Peters Sill, Birdsboro
At the Trap Rock Quarry in the Saint Peters sill, near
Birdsboro, sulfides in normal diabase have 6S4 values similar
to sulfides in normal diabase from other Newark group intrusive
bodies. Sulfide in light gray diabase, which is distinctly
coarser grained than normal diabase, are enriched in S34 and
sulfides in an aplite dike cutting normal diabase are still
further enriched in S34. In the aplite 6S 34 values are +4.6 per
mil for chalcopyrite and +8.4 per mil for pyrite. In both the
light gray diabase and the aplite, pyrite is enriched in S34
relative to chalcopyrite. The quantity of light gray diabase
in the vicinity is small compared to the quantity of normal
diabase.
The composite picture presented by the preceeding cases in-
dicates that isotopic fractionation of sulfur in the Newark
magmas was negligible or very slight during the early to middle
stages of the crystallization. During the late stages of crystal-
lization, when the rest of magmas became greatly enriched in al-
kalies, silica, and volatile components, significant isotopic
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fractionation of sulfur did occur in places. Pyrite and chal-
copyrite formed during these stages show progressive enrichment
in S34 from one stage to the following stage. It is not known
at what stage isotopic fractionation became significant, but
the presence of S34 enriched sulfides in coarse-grained and
pegmatitic rock types indicates that it either coincided with
or preceded, the pegmatite stage of crystallization. Isotopic
fractionation continued into the hydrothermal stage, as is in-
dicated by enriched sulfides in a hydrothermal alteration vein
at Goose Creek, Va. The maximum isotopic enrichment observed
between sulfides in normal diabase and sulfides formed late in
the cooling history of the magma is about 11 per mil and the
average is about 5 per mil. Where pyrite and chalcopyrite co-
exist in a late formed rock,pyrite is characteristically en-
riched in S3 relative to chalcopyrite.
The conclusion is drawn that isotopic fractionation of
sulfur can take place during the late stages of crystallization
of a tholeiitic magma. This fractionation causes an enrichment
of S34 in late formed sulfides of about +5 per mil.
Extrusive Bodies
The Newark group lava flows are the extrusive equivalents
of the Newark group intrusive bodies. However, pyrite and
chalcopyrite in the extrusive bodies are distinctly enriched in
S32 relative to sulfides in normal diabase from intrusive bodies.
The maximum enrichment is about-12 per mil and the average is
about-5 per mil. Pyrite generally seems to be enriched in S32
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relative to chalcopyrite in the same rock, however, as explained
in Ch. 7, this cannot be statistically confirmed.
It is concluded that due to some mechanism of isotopic
fractionation associated with crystallization at the earth's
surface, sulfide minerals in the Newark group lava flows are
enriched in S3 2 relative to sulfur in the magma source.
Probable Extrusive or Hypabyssal Bodies
Specimen Pa. 11 was collected from an intrusive dike and
specimens Pa. 3 and Pa. 7 were collected from bodies that are
inferred to be intrusive from published descriptions. These
specimens have 68S34 values typical of Newark group extrusive
rocks, and for this reason the author interprets them as rep-
resenting magma which has crystallized at or near the earth's
surface. Specimens N.C. 1 and N.C. 5 have similar S34 values
but the 6S34 values of North Carolina specimens are typically
variable, and those of Pennsylvania are not. In addition, the
North Carolina specimens are distinctly phaneritic whereas
specimens Pa. 3, Pa. 7, and Pa. 11 are aphanitic to very fine
grained, indicating rapid cooling, possibly at shallow depths.
Specimen Pa. 3 was collected from a body described by Lewis
(Stose and Lewis, 1916) as "olivine basalt". Lewis does not
specifically mention the origin of this body, but in not making
a distinction concerning it, he implies that it is part of the
Gettysburg intrusive complex. The author did not make a field
examination of this body beyond the vicinity where specimen Pa. 3
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was collected. In this vicinity the rock is aphanitic to very
fine grained, but no contacts are exposed. An alternative in-
terpretation of these 6S34 values, not favoured by the author,
is that they represent contamination.
The question can be raised whether or not it is valid
to consider specimens Pa. 3, 7, 11, and specimen N.J. 2
(the latter is discussed under "Normal Diabase from Intrusive
Bodies") as spurious with respect to normal intrusive diabase.
If the Pennsylvania specimens are included in Table 22 the
grand mean for normal intrusive diabase becomes -0.5 + 0.4 per
mil. If N.J. 2 is included but the Pennsylvania specimens ex-
cluded, the grand mean becomes +0.4 + 0.5 per mil, and if all
four specimens are included the grand mean becomes -0.2 + 0.5
per mil. It is apparent that these alternative interpreta-
tions would not invalidate the conclusions drawn from the pre-
ferred interpretation.
Cornwall Type Deposits
Sulfides from the Cornwall, French Creek and Dillsburg
magnetite deposits are characteristically enriched in S34 re-
lative to sulfides in normal diabase of intrusive bodies. The
range of 6S34 values obtained is from -0.2 per mil to +17.0
per mil. Evidence is given in Ch. 6 that indicates that each
of these deposits was formed by emanations from a magma that
was intruded nearby. Evidence is also given to show that these
intrusive bodies are petrologically similar to other Newark
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group intrusive bodies. Sulfides from the intrusive bodies
near the deposits were not analyzed, however, there is no
reason to suspect that they would be isotopically different
from sulfides in other intrusive bodies.
It is therefore concluded that the processes by which
the ore forming emanations were derived from the magmas and/or
the processes of transportation and sulfide deposition were
accompanied by some mechanism of isotopic fractionation where-
by the sulfides in these deposits became enriched in S34 re-
lative to sulfur in the magmas before crystallization. This
conclusion implies that the enrichment in S34 of sulfides in
some mineral deposits genetically related to mafic bodies
(see Table 4) may, at least in part, be due to isotopic fraction-
ation associated with late stage magmatic processes.
Correlation with Previous Data
The mean 6S34 value obtained for normal diabase from
the tholeiitic Newark group intrusive bodies is +0.1 + 0.4
per mil. This result distinctly rules out any statistical
similarity between the isotopic composition of sulfur in these
rocks and the mafic rocks reported by Ault and Kulp (1959),
for which a mean of about +3 per mil was obtained. Part of this
disagreement may be due to interpretation of previous data.
The discussion in Ch. III points out that the average 6S34
value for sulfides in mafic igneous rocks is close to +1 per
mil if analyses of sulfides in atypical portions of mafic bodies,
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such as very coarse-grained or sulfide rich facies, or an-
alyses of sulfides in mineral deposits associated with mafic
bodies are not included. Assimilation of crustal sulfur and
errors in interlaboratory standardization might also account
for some of the disagreement. An alternative explanation is
that the difference is real, and indicates inhomogeniety in
isotopic composition of sulfur in the upper mantle. Until
further evidence for this interpretation is available it is
not to be preferred.
The data from the differentiated intrusives is in agree-
ment with the observations of Thode et al. (1961) who found
the basal portions of several large mafic sills to contain
sulfides with 6S34 values close to or on the negative side
of zero per mil, whereas sulfides in the upper portions of
the same sills were enriched in S34,
The Mechanism of Isotopic Fractionation
Speculation regarding a mechanism of isotopic fractiona-
tion of sulfur that would account for the previous observa-
tions is warranted.
Volatization is a possible mechanism of isotopic fractiona-
tion. In this process the lighter isotope, S32, would become
enriched in the volatile phase. If volatiles were lost during
crystallizationthe uncrystallized magmaand any late stage
products thereof, would become enriched in S34. This possibil-
ity agrees with the observations on normal diabase, late stage
differentiates, and the Cornwall type mineral deposits in so far
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as the sulfides in these three environments represent a sequence
in igneous activity through which S34 is observed to be pro-
gressively concentrated. However, the data for extrusive
bodies is in conflict with volatization as a mechanism of
isotopic fractionation. The loss of volatiles should be as
prevalent, or more prevalent, from extrusive bodies than from
intrusive bodies; but contrary to intrusive bodies, the ex-
trusive bodies are enriched in S32, not S34.
A mechanism more consistent with the data is isotopic ex-
change between H2S and SO2 dissolved in the magma fluids.
Studies of chemical equilibrium between H2S and SO2 in geolo-
gical environments (Ellis, 1957; Sakai and Nagasawa, 1958;
Krauskopf, 1959) show that in the reaction
H2S + 2H20 = SO2 + 3H2  (1)
the predominance of H2S at the expense of SO2 is favoured by
high pressure and low temperature whereas the predominance of
so2 at the expense of H2S is favoured by low pressure and high
temperature. The H2S/SO2 ratio is also dependent on the partial
pressure of oxygen (Krauskopf, 1959). Data supplied by Ellis
(1957) for the system H20 : H2 : S in the molecular ratio 100 :
2 : 1 shows that at temperatures around 10000 C and pressures of
several hundred atmospheres or more, which are realistic condi-
tions for an intrusive magma, H 2S will be ten to twenty times
as abundant as SO2. As the temperature drops H2 will become
even more predominant, provided the pressure remains high. Con-
- 219 -
sider the isotopic exchange reaction
H2S + S 3202 = H2S32 +S 02
(2)
At temperatures in the vicinity of 10000C the fractionation
factor for this reaction is such that S32 is concentrated in
H2S by about 4 per mil relative to SO2 (Sakai, 1957; see Fig. 1).
Let the S3 2/S34 ratio of the total sulfur in the system be
Rt and the S32/34 ratios in H2S and SO2 be Rh and Rs respect-
ively. Because the isotopic fractionation factor is independent
of Rt,and concerns only the quantities Rh and Rs, the strong
predominance of sulfur as H2S requires that Rh will be close
to Rt, whereas Rs will differ from Rt by slightly less than
the maximum allowed by the fractionalion factor. Since sul-
fides would be formed by reactions involving H2S rather than
so2> the S32,A34 ratio of early formed sulfides would be close
to,but slightly greater than Rt. The enrichment of these sul-
fides in S32 relative to Rt would only be a fraction of a per
mil, nevertheless, with continued crystallization of the magma
and formation of sulfides, sulfur in the uncrystallized magma
would slowly become depleted in S32. As the temperature drop-
ped crystallization would be accompanied by slight shifts in
the chemical and isotopic exchange equilibria, both of which
are temperature dependent, but the effects of these shifts
would be inconsequential to the trend of gradual depletion of
S32 in the uncrystallization portion of the magma.
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This hypothetical situation is in agreement with the obser-
vation that sulfides in normal diabase that was formed during
the middle stages of crystallization in the Gettysburg and
Palisades sills are similar in isotopic composition to sulfides
in the chilled margins of these sills. Unfortunately speci-
mens of normal diabase were not collected from the upper portions
of the Gettysburg and Palisades sills. According to the hypo-
thesis, the sulfides in such specimens should be enriched in
S34, although not as much as sulfides in late stage differ-
entiates. Due to a scarcity of data the hypothesis is very
tenuous.
It is possible that isotopic fractionation during the
pegmatitic and later stages of crystallization might be en-
hanced by some mechanism related to the abnormal conditions
of these stages. Such a mechanism might be a sudden shift in
the H2S/So2 ratio due to an increase in the partial pressure
of oxygen (Krauskopf, 1959) or the development of a volatile
phase in which H 2S and hence S32, would concentrate, leaving
the total sulfur in the fluid phase enriched in S 34 . In the
latter case, H2S would still be present in the fluid phase in ac-
cord with the H2S - SO2 equilibrium; but since the total sulfur
in the fluid would be greatly depleted in S32, the H2S in the
fluid phase and any sulfides formed from it would also be de-
pleted in S32. Such a mechanism was suggested by Rafter et al.
(19584)to account for S32 depleted geothermal waters. Whatever
the mechanism of isotopic fractionation of sulfur during the
........ =_
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pegmatitic and later stages of crystallization, the same
mechanism probably accounts for the enrichment in S34 of
sulfides formed during the hydrothermal and ore forming stages.
The isotopic composition of sulfides in the extrusive
bodies could be influenced by chemical and isotopic equilibria
between H2S and SO2. The data of Ellis (1957) for the
H2 : H 2 system previously referred to shows that at
pressures in the vicinity of one atmosphere and temperatures
around 10000C the chemical equilibrium between H2S and SO2
is such that these gases would be present in about equal
portions. Consider the same magma referred to at the begin-
ning of this discussion, which had a S32 ,34 ratio for total
sulfur of Rt. If this magma were to rise to the earth's sur-
face the amount of SO2 relative to H2S would increase as the
pressure decreased. Since both Rt and the isotopic fractiona-
tion factor between H2S and SO2 remain unchanged, the formation
of SO2 at the expense of H2S would require the S32/S 34 ratio
in both H2S and SO2 to increase. At low pressures the
832,A34 ratio in H2S would be several per mil higher than Rt'
This contrasts with the situation at high pressure for which
the S3 2/S34 ratio in H2S is very close to Rt. This hypothesis
accounts for the direction, but not the magnitude of the S32
enrichment in sulfides from extrusives compared to sulfides
from intrusives. Even if an addition of oxygen to the system
in the surface environment were allowed, so that SO2 became
greatly predominant at the expense of H2S, the maximum enrich-
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ment of H 2S in S32 under equilibrium conditions could not be
more than about 4 per mil. This is dictated by the isotopic
fractionation factor, which is about 1.005 to 1.004 at temp-
eratures in the vicinity of 7000 C to 10000C (Sakai, 1957; see
Fig. 1) Assuming Rt for the Newark group extrusive bodies was
about zero per mil the observed ratios of -5 to -13 per mil
cannot be explained by chemical and isotopic equilibrium pro-
cesses alone.
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CHAPTER IX
SUMMARY AND CONCLUSIONS
The igneous rocks of the Newark group occur as dikes,
sills, and lava flows within a narrow belt about 1,200 miles
long. Some of the sills are differentiated. Magmatic hydro-
thermal magnetite deposits containing sulfides are spatially
and genetically associated with some of the intrusive bodies.
The mineralogical and chemical composition of the Newark
igneous rocks is remarkably uniform, in spite of the fact that
the belt in which they occur traverses rocks of varied composi-
tion. The igneous rocks are tholeiitic and were presumably
derived from the upper mantle.
The isotopic composition of sulfur has been determined for
sulfides extracted from normal diabase and chilled margins of
Newark group intrusive bodies, from the late stage products
of several differentiated intrusive bodies, from several
mineral deposits genetically associated with intrusive bodies,
and from extrusive bodies. The isotopic composition of sulfur
in six meteorites, including the Canyon Diablo standard, was de-
termined by the same techniques.
The following results were obtained:
(1) The mean 6S34 value for the six meteorites is +0.2 + 0.1
per mil.
(2) The mean 6S34 value for 19 specimens of normal intrusive
diabase is +0.1 + 0.4 per mil. Pyrite and chalcopyrite from the
same specimen have the same isotopic composition of sulfur.
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(3) Data from several differentiated bodies indicates that
isotopic fractionation of sulfur was negligible or very slight
during the early to middle stages of crystallization. Sulfides
formed during the late stages of crystallization, when the
rest magmas became greatly enriched in alkalies, silica, and
volatiles, show progressive enrichment in S34 from about zero
per mil in normal diabase to an extreme of +11 per mil in hydro-
thermal alteration seams. An enrichment between +3 and +8 per
mil was common. Pyrite is characteristically enriched in S34
relative to chalcopyrite.
(4) Sulfides from several mineral deposits genetically related
to diabase sills show a range in 6S34 values from about zero
to +17 per mil with a mean of about +7 per mil.
(5) Sulfides in extrusive bodies are characteristically en-
riched in S32 relative to sulfides in normal diabase. The
range of 6S34 values of sulfides in extrusives is from +2.2
per mil (a single specimen) to -11.8 per mil, and the mean
is about -5 per mil.
The over-all analytical precision of these data is +0.2 per
mil except for the data from the mineral deposits which is +0.7
per mil.
From these results the following conclusions have been
drawn:
(1) The isotopic composition of sulfur in the upper mantle be-
neath the Newark basins in the Late Triassic was identical, with-
in experimental error, to the isotopic composition of sulfur in
- -
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meteorites.
(2) Isotopic fractionation of sulfur can take place during
the late stages of crystallization of a tholeiitic magma, caus-
ing an enrichment of S34 in late formed sulfides.
(3) Isotopic fractionation continues into the hydrothermal
stage of crystallization and causes a similar enrichment of
S34 in sulfides of mineral deposits formed by emanations from
the magma.
(4) Due to some mechanism of isotopic fractionation associated
with crystallization at the earth's surface, sulfide minerals
in the Newark group lava flows are enriched in S32 relative
to sulfur in the magma source.
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APPENDEX I
ISOTOPIC FRACTIONATION BY STEADY STATE DIFFUSION
The conditions of steady state diffusion have been de-
fined in Ch. 11. Garrels et al. (1949) have shown that the per-
centage isotopic enrichment caused by steady state diffusion,
under the condition that the concentration of the solute in the
sink is maintained at zero, is given by
S = - 1 102 -1 102
where S is the percentage enrichment in the light isotope of the
sink relative to the source, D is the coefficient of diffusion of
the solute, M is the mass number of the solute, and the subscripts
L and H refer to the light and heavy isotopes respectively.
The condition that the sink be maintained at zero concentration
of solute is expressed by
C Lx C = 0
where C, designates the concentration in the sink.
If the solute is H2S, the percentage enrichment of S3 2 in the
sink will be 2.9 per cent.
The purpose of the following section is to derive a simple
approximation for S, for the general case of steady state diffu-
sion in which C # CHx 9 0. This case is geologically more
feasible than the case for which C = CHx '" 0.
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The percentage isotopic enrichment in the sink is defined by
S CU CHO 1 102
CHx (1)
where Co designates the concentration of solute in the source
and the other symbols have their previous meanings. By Fick's
first law, which applies to steady state diffusion,
dq/dt = -ADdc/dx (2)
where dq/dt is the rate of solute transfer through an area A
when the concentration gradient is dc/dx,and the coefficient
of diffusion of the solute is D. Integrating Eq. 2 over the
diffusion field gives
Co-Cq = AD 1(3)
and rearranging gives
C -C + 0 x (4)
where q is the quantity of solute transferred per unit time
over the distance 1. Substituting the expression for C from
Eq. 4 into Eq. 1 gives
-1 2 +1CLx q H
SC~ xIU 10 +1CHx + A
(5)
Since a steady state condition exists
qLH= C CHX
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or qH q CH Lx
Substituting this expression for qH in Eq. 5 gives
S x 102 +1= C C + qL C 1C C L)(Hx CU AD H
Inserting the value of q, which is obtained from Eq. 3, gives
S x 10-2 + 1 + (C - C )
which simplifies to
S =1 DL 1 102CL) DH (6)
It is difficult to think of the term C /CLo as a mean-
ingful quantity in a natural situation. Let Eq. 6 be
approximated by substituting C, /C,, the ratio between the total
concentrations at the sink and the source, for CLx/CL. C,/C 0
is a more meaningful quantity in a natural situation. For example,
if the sink is a site of deposition, C is one of the control-
ling factors in the deposition process.
Eq. 6 is thereby modified to
C DL 102
i S c l b Eq 77)
The percentage error in S calculated by Eq. 7 is given by
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(- C/C)- ( - CLx/C ) 2
(1 - C /C ) 10
or
(CLx/C~ - CxIC.) 02
per cent error = i - C /C 10
/ (8)
The greatest errors will occur when C /Ca is small, i.e.
when the difference in concentration between the source and the
sink is small. If the solute is a sulfur compound the maxi-
mum isotopic enrichment is about 3 per cent. In an extreme
case, in which C X/C, is 0.8, the error in S will be 0.50 per
cent. If C /C is 0.1 the error will be 0.01 per cent. For
purposes of illustrating the approximate extent of isotopic
fractionation that could be caused by diffusion in idealized
geological systems, this error is unimportant.
The following tabulation shows the percentage enrichment,
calculated from Eq. 7, that would result from steady state
diffusion of H2S for various values of C /C,.
C /C, 0.80 0.50 0.20 0.10 0.01 0.001 C = 0
S 0.58 1.45 2.32 2.61 2.87 ~2.90 2.90
